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A Magnetic Cosmic-Ray Spectrograph with Counter Recording 
By B. D. HYAMS, M. G. MYLROI, B. G. OWEN anp J. G. WILSON 


University of Manchester 
Communicated by P. M. S. Blackett; MS. received 24th March 1950 


ABSTRACT. An instrument is described in which the momentum of single cosmic-ray 
particles is measured, the particles leaving the instrument in a sufficiently collimated beam 
for use in subsequent experiments. The “maximum detectable momentum’ of. the 
apparatus is about 3 x 101° ev/c., almost all particles are collected within 10° of the zenith 
and in directions individually defined to +1°, the output is about 400 particles/day, and the 
proportion of spurious records is of the order of, or less than, 0:1%. 


SINE ROD U CLLON 
HE instrument briefly referred to in an earlier publication (Owen and 
Wilson 1949), and described here in greater detail, measures the momentum 
of fast charged particles by recording the deflection of their trajectories 
passing through a magnetic field. 

The scope of the apparatus is essentially determined by the requirement that 
the measured particle must pass unaccompanied through the measuring rows of 
Geiger counters. Accordingly the measurement of particles which exist closely 
associated with others is not possible, nor is it possible to measure in the spectro- 
graph the momentum both of a primary particle and of the secondary particles 
arising from any interaction in which it takes part. If, however, it is possible 
to separate any experiment which it is intended to perform with a particle from 
the process of momentum measurement, our apparatus shows to advantage 
compared with the widely applied cloud chamber technique in which the particle 
trajectory in a uniform magnetic field is photographed and measured. 

Much of the advantage of our instrument arises from a very marked improve- 
ment in the efficiency with which the available magnetic field is used, for in cloud 
chamber experiments the field consists only of the region of more or less uniform 
field, while most even of this portion is inaccessible to particles on account of 
the geometrical limitations of camera optics. We may consider the efficiency of 
use of a magnetic field in terms of the deflecting power, that is to say, of J Hdl 
measured along a representative particle trajectory, and of the area perpendicular 
to this direction over which particles may be received. ‘The efficiency with which 
the available magnetic field is used is thus of the form 


| A dv i: H dv, 
/ (1) (co) 
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where the volume integration (1) is carried out over the volume usefully 
accessible to particles for purposes of measurement, and the volume integration 
(00) is carried out over the whole space. In cloud chamber measurements this 
factor rarely exceeds about 5°{; in our instrument it is about 50%. 

Similar instruments, which however do not follow the symmetrical design 
which we have adopted, have been used extensively by Alikhanian and his 
co-workers (1947 a,b, 1948a,b). The early form used by these workers was 
considerably smaller than our apparatus and of low resolution; the more recent 
apparatus is considerably more massive than that described here although the 
resolution is probably not quite so great. 

The spectrograph as described here represents the first stage in the develop- 
ment of an instrument of very high resolution, and the probable requirements 
of this extension have determined certain details of design. Other features, 
notably the large vertical separation of the two magnets, have been adopted with 
a view to improving the flexibility of the equipment as a whole and with other 
possible applications in view. 


S72, JPRUIN CIOS Ole IMSS, SPC IMO IRAE Ts! 
A fast charged particle moves in a vertical plane through a horizontal magnetic 
field perpendicular to this plane and having significant values of field only in 
restricted similar regions H, and H, (Figure 1). 


" YO IMIEx 
MMU GH 


POSES eS ee 


MMM UD 
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Figure 1. 


The deflection of the trajectory of the particle is described by reference to 
the intersections A, B, C of the trajectory with horizontal lines in the plane of 
the trajectory, aa’, bb’, cc’, which are symmetrically placed relative to the field 
regions H, and H,. ‘The angular deflection @ of the particle trajectory in each 


field region is given by 
@= | dlip= (300 { Hal) |p, 


A Magnetic Cosmic-Ray Spectrograph with Counter Recording 10 a5 


where p is the radius of curvature in centimetres from point to point of the 
trajectory of a (singly charged) particle of momentum pev/c., and the integral 
J Hdl is taken through the whole of the region H, or H, from which significant 
contributions arise. If the whole deflection in H, be considered as occurring at 
a point in h,h,’, and the whole deflection in H, at a point in hyh,’, and if the 
vertical separations are ah, =h,c=d), h,b =bh, =d,, then BB’, the displacement 
of the intersection B of the particle trajectory with the line bb’ from the intersection 
B’ of the line joining A and C with bb’, is given by 


BB’ =A =d,9 = (300 d, | Hal) /p. oes (1) 


In our instrument, operating at maximum field, d)=149 cm., [Hd/=6:5 x 105 
gauss.cm., and thus 
Nea22) ol 0p Cin eae Ae ee tei eae (2) 


The order of accuracy which is expected from the system of deflection 
measurement which is described below is never closer than within about 5%. 
It is therefore unnecessary to define the deflection arm, dy, to better than, say, 
2 cm. in 149 cm., and substantially the whole of this variation can be tolerated 
in the location of h,h,’, hjh,’. Measurements show that the magnetic fields are 
symmetrical about the central horizontal plane in the pole gaps to within 2% ; 
we therefore consider only movements of h,h,’, hyh,’, in so far as they arise as 
a function of track curvature in the pole gap and of inclination of trajectory. 
‘To a first approximation, the vertical displacement of h,h,’ from the plane of 
symmetry is then 

| Hal 4 

———— i j 

sie tan }@sin d, 
where H,,,, is the almost uniform deflecting field, which extends over the greater 
part of the geometrical pole gap, @ is the angular deflection of the particle trajectory 
and ¢ is its mean inclination to the vertical in the region of deflection. In our 
apparatus, for the extreme deflection, this displacement is less than 1 cm. and is 
in the sense to reduce the effective value of d). Under these conditions it is there- 
fore in a direction to oppose the increase of deflection arising from the extra 
length of trajectory which lies in the field (§4.1). We conclude that to the 
precision of the existing arrangement, the lines h,h,’, h,h,’ are adequately defined 
by the horizontal planes of symmetry of the magnetic fields. 

The intersections A, B, C are, at the present stage of development, determined 
by the discharge of one Geiger counter of a closely spaced row placed parallel 
to the magnetic field at each of the levels aa’, bb’, cc’ (Figure 1). ‘The measure- 
ments do not give a continuous range of momentum values, but assign particles 
to certain ‘momentum categories’ and the application of the instrument can 
yield information only about the average behaviour of the particles falling into a 
single momentum category. It is therefore necessary to know the momentum 
spectrum of the particles falling into a given category in any particular experiment. 

It is convenient to consider, in the first place, the ideal spectrum of a single 
momentum category, ignoring disturbing factors such as the scattering of particles 
in the instrument, and lack of uniformity of the magnetic deflecting field. The 
modification of the spectrum in the presence of these factors will be considered 
later in terms of the actual performance and construction of the instrument. 
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2.1. The Ideal Spectrum of a Single Momentum Category 
We identify a momentum category by A,, the measured deviation, BB’, 
for a track passing through the axes of the three detecting counters concerned 
(Figure 2(a)). The deflection spectrum of this category, S,(A), is then given 


by the product 
S,(A) =SA)PA>A*), 2) 0 ae eee eee (3) 


where S(A) is the incident particle spectrum, and P(A—A,,) is a purely geometrical 
expression giving the relative collecting efficiency of a set of three counters as 
a function of the difference of deviation from the normal deviation A, of the counter 
geometry. While in application we will as a rule be concerned with the momentum 
spectrum of each category, it is more convenient at this stage to work in terms 
of the deflection-spectrum. The momentum spectrum and the deflection 
spectrum are connected by the relation 


SCA) p2s(p). a err (4) 


In order to determine P(A—A,), consider deviations from the nominal 
trajectory (Figure 2(a)) defined by the axes of the describing counters, 
4s corresponding to a difference of deviation at each field region, and hence to 


Figure 2. 


a difference of momentum, and ¢ corresponding to a difference of direction 
of the trajectory in the central part of the apparatus. (Although used in practice 
in a particular sense the spectrograph is essentially symmetrical about the line bb’ 
(Figure 1) and hence the direction of any trajectory is conveniently also defined 
symmetrically.) ‘Then, in Figure 2 (b), in which the situation shown in Figure 2 (a) 
is simplified by the omission of the nominal deflection, the probability of operation 
by a particle of the group defined by (i/,¢) is proportional to b,—a, or by—a 
whichever is smaller, that is to say, to the aperture perpendicular to the counts 
axes within which particles of the group can be accepted, where by is the effective 
diameter of each counter, and the probability of operation by a particle of the 
momentum defined by % is proportional to the integral of (b)—a, 2) over the 
accessible values of ¢. 
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The quantities a,, a, given by 
a, =(dy+ d,)b + dow, 
a, =2(d,+d,)4, | 
are equal when (dy + 4,)b =dpy, 
and reach the maximum possible value, by, when 


by — dos b 
= : d wh peepee 0 ee 
OS Fay ft doy a Sa ee TC RAY 


respectively. ‘The probability, P(%), depends only on a, when 


= 7 
Ph Pdi pee ad, 1d) O=™ b= dy 


dy+d, 
> Wold 
thus PW)=A |” {(by—dl) —(dy+ 4,8} dp 
_4 4004? 


(dg+d,) © 
When $< 40,/d), 


dow bo 
dyo+d, 


: 2d +d) 
PW)=A| (By dol) —(dy+ d,ybhdp +A [”” (0y—2dy +4) dp 
= Af$b,? — (db)? (dy+ dy). i 
At b= tho/dy, P(b> 3b /do) = P(b<359/dp). 
Simplifying, if we write PO\=4, dyb/bo=f, 


Ee) ae) | 
LG aatasy 
Here, clearly, (A—A,,) =fbp. 


PU(A-A,)1<bi2)= {3- (FF) | 


at | ee (5) 
P(\(A—A,,) |>o/2) = {1- (Beal) | 


The function P(|A—A,,|) is shown in Figure 3. The half breadth of the 
distribution is at (A—A,,)/b) =0-26. 


Thus, 


2.2. Relationships between Momentum Categories 
In the preceding section we have made use of 6, the effective (internal) 
diameter of each counter in the three rows. Even in tight packing the centres 
of successive counters are separated by a distance greater than by, say 6,, on account 
of the finite thickness of the counter walls. 
The apparatus is aligned so that the nominal deviation A,,=0 occurs for a 
particular selection of counters. ‘Then further categories of nominal deviation 
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15,n occur, where n is integral and takes all values up to a limit set by the number 
of counters used in the various rows. In our apparatus Max = 22. 

Thus, when disturbing factors are ignored, the deviation interval between 
successive momentum categories is $b, while the extreme deviation spread of 
a single momentum category is +b) where dp is somewhat smaller than by. 
Particles of a particular momentum are therefore to be found in three successive 
momentum categories. 

We have shown (equation (1)) that the deviation corresponding to momentum p 
is A=(300d,{Hdl)/p. The momentum category 1 therefore corresponds to 
the nominal momentum 

np, = (00 2 | Hal) evie) a peer (6) 
1 
In our apparatus, 


d, =149 cm., Ov 3: Shei (fHal)  =65 x 10° gauss.cm. 


Thus (Wp \eae= 1 x10 evic: 


P(\A-dp) 


(a bal/ips028 
| 


0 02 08 1-0 


04 06 
(JA-An|)/bo 


Figure 3. 


2.3. The Maximum Detectable Momentum 

The resolution of the instrument may be defined by a quantity analogous 
to the maximum detectable momentum of cloud chamber practice. 

In the cloud chamber, the maximum detectable momentum, fp, is defined 
as that momentum of a singly charged particle which, in the conditions of operation, 
yields a magnetic field curvature equal to the probable spurious curvature arising 
from the uncorrected sources of disturbance. In particular, the probable 
uncertainty of a measured momentum f, say 5), is given by 5p/p=p/Pp. 

In the spectrograph the probable difference between the deflection A of a 
particle and the nominal deflection A,, of the category to which it is assigned is 
0-265, and the maximum detectable momentum is defined as that momentum 
which leads to a true deflection (equation (6)) of this magnitude. Hence the 
maximum detectable momentum of our instrument is given by 


Po = (300 dy/0-260,) i Hal 
or, since d,=149 cm., b, =3-6 cm., (f Hdl) =65 x 105 gauss.cm., 
Py =3-1 x 10" ev/c. 


A Magnetic Cosmic-Ray Spectrograph with Counter Recording 10 59 


It will be observed that the first deflected momentum category is at nominal 
momentum 


Pp, =600(dy/d,) | dh evi Ga, 82 eee (7) 
= USD blips =0ASpee en) - Ure oy tet oecae (8) 


Thus there is no category of nominal momentum greater than about half of the 
maximum detectable momentum. This, however, is in no way a serious 
limitation, on account of the very restricted interpretation which may properly 
be placed on a statement that any single particle has a measured momentum equal 
to the maximum detectable momentum of the apparatus with which the measure- 
ment has been made. 

Following equations (7) and (8), 


(5p/P)n =P,,/Pp =0-48/n; isons aNe (9) 
for example, forn=10, p, =1:5 x 10° ev/c., (8p/p),, =0-05. 


§3. DESCRIPTION OF THE SPECTROGRAPH 


An account will now be given of the design features of the spectrograph in 
so far as they affect the actual operation and application; the electronic and 
recording equipment which is involved, its performance and the problems of 
its testing and maintenance are discussed in a separate paper by one of us (Owen 


1950). 
3.1. Magnets 


The general construction of the apparatus is shown in Figure 4*. ‘T'wo 
large electromagnets are supported on a girder structure with pole faces of like 
polarity coplanar. The pole faces are of area 30 cm. x 40 cm., with the smaller 
dimension vertical, and are separated by a distance 9-5 cm. ‘The magnets 
follow closely in design and performance that described by Blackett (1936) except 
in so far as the method of support requires modification. ‘The pole pieces are 
conical, tapering near the field gap to 40 cm. diameter, then passing in a further 
5 cm. to the rectangular form of the pole faces. ‘The rectangular pieces together 
with the transition sections are separate, and are mounted by means of bolts passing 
axially down the respective pole pieces. ‘The orientation of the pole pieces is 
thus adjustable. The performance of the magnets is summarized below (§ 4.1). 


3.2. Counter Arrays 


The three systems of counters which determine the points of intersection of 
a particle trajectory with the three planes aa’, bb’, cc’ (Figure 1) consist 
respectively of 16 (upper), 8 (middle) and 16 (bottom) counters of conventional 
pattern, with cathodes of length 15 cm., internal diameter 3-6 cm., and wall 
thickness 0-1 cm. Each group forms an almost tightly packed row. Slight 
variations of counter-tube diameter make necessary a small amount of spacing 
in order to maintain the required geometrical relation between counter centres. 


* This diagram may be compared with the photograph of the spectrograph already published 
(Owen and Wilson 1949). 
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3.3. Defining Counters 


The measuring counters are made longer than the breadth of the pole gap 
in order to collect particles traversing the field regions but diverging above and 
below the magnet poles. It therefore becomes necessary to exclude particles 
which in any part of their trajectory pass through the iron of the pole faces. 
This is done by placing ‘defining counters’ in each pole gap and accepting, for 
measurement, only particles which traverse a defining counter in each pole gap. 
The accepted event of the spectrograph is thus a five-fold counter coincidence, 
comprising discharges from one counter from each of the three measuring rows 
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Figure 4. Geometry of spectrograph. (The upper half of the instrument, 
which is symmetrical about the middle counter tray, only is shown.) 


and from the two defining counters, one in the pole gap of each deflecting magnet. 

For the highest efficiency in collecting particles it is desirable that the defining 
counters shall fill as large a fraction as possible of the magnet air gap subject to 
the following restrictions: (i) no straight trajectory shall exist that passes through 
five counters and the iron of the pole faces, (ii) no particle shall be scattered from 
the defining counters into the iron, and then be scattered back into the beam. 

These counters have been placed between the pole faces about 12 cm. from 
the pole edge nearest the centre of the system, and filling 80% of the gap width. 
With this arrangement the probability of scattering in the iron is less than 1 in 
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1,000 for particles of momentum 5 x 108 ev/c., and correspondingly less for higher 
momenta. 

In requiring accepted particle trajectories to pass through defining counters 
in the pole gaps, we have adopted an exactly opposite policy to that described 
by Alikhanian and his co-workers (1948 a), who place a row of narrow counters 
close to the pole faces of their magnet and reject particles which, by traversing 
these counters, are shown to pass near enough to the pole faces to have the 
possibility of entering the pole face and subsequently re-emerging as a result of 
scattering. [he advantage of the Alikhanian arrangement lies in the fact that 
the additional scattering which takes place in the walls of our defining counters 
is avoided, although some particles, which may be appreciable in number, suffer 
the more severe scattering arising from tangential traversal of the counter wall 
without entering the sensitive volume within (the wall thickness for these particular 
counters in the Alikhanian experiment is not quoted). 

We consider scattering in detail later (§ 4.8) and it will appear that the position 
of the defining counters in our arrangement reduces the importance of scattering 
in them compared with that of the central array (bb’, Figure 1). The number 
of particles excluded by Alikhanian’s protective counters on each pole face 
(~ 45%) appears excessive. The use of a five-fold counter coincidence, however, 
exhibits a most valuable property which is to be found in the increased discrimina- 
tion against spurious operation by showers of particles. The markedly lower 
rate of spurious operation which is obtained in our instrument as compared with 
that of Alikhanian probably depends mainly upon this feature ($4.6), which we 
regard as the significant difference between the two systems. 


3.4. Alignment of the Measuring Counter Arrays 

The counters in each of the three rows are mounted on a carriage allowing 
horizontal motion in two directions and are located on each carriage with reference 
to two aligning holes 4 mm. in diameter. ‘Through these holes plumb lines are 
hung from pegs which fit closely in the aligning hole of the top tray; the carriages 
are adjusted until the lines hang centrally in the holes of the two remaining 
carriages. 

The accuracy of alignment is open to a fairly precise internal check. Consider, 
when the apparatus is operated without magnetic field, particle trajectories of 
momentum categories +1. (We ignore, in this statement, the scattering of 
these particles, for since it leads to a small and essentially symmetrical set of 
deviations it is of no importance to the present argument.) ‘Typical channels 
of categories +1 are defined by upper and middle counters, n, and lower counters 
n—1,n+l1. 

In correct alignment the number of counts in categories cra and —1 will 
be equal, apart from statistical variations, but if the apparatus is misaligned by 
a distance 56 at the middle tray it may be shown that the counts will differ in the 
ratio (1 +88b/by), where by = 3-6 cm. is the effective internal diameter of the counters. 
A misalignment, 80, of 1 mm. thus leads to a (+1/—1) ratio 1-22, and a statistically 
significant departure from the ratio unity is to be expected for about 250 counts 
in each category. Even if account is taken of scattering, the great majority of 
counts in zero magnetic field fall into categories —1, 0, +1 in the approximate 
ratios 1:2:1; thus a 1-mm. misalignment gives rise to a significant difference 
between the counts in categories +1, —1 in a total of about 1,000 counts. 
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§4. PERFORMANCE OF THE SPECTROGRAPH 


Factors determining the practical performance and application of the spectro- 
graph will now be discussed under the heads: (1) the magnetic fields, (2) the rate 
of operation, the relative efficiency of different momentum categories and the 
angular distribution of collected particles, (3) the occurrence of spurious records 
simulating normal operation, and (4) the modification of precision of measurement 
by scattering of recorded particles in counters and in the air column of the 
instrument. 


4.1. Magnetic Fields 


The magnets are operated at a pole separation of 9-5 cm. A three-dimensional 
plot was made of the variations of the component of magnetic field parallel to 
the axes of the magnets over the pole gap and over the adjacent regions accessible 
to particles traversing the spectrograph. A typical field distribution, which was 
measured in the central plane of the pole gap, is given in Figure 5. 

The integrated deflecting field, { Hdl, was also measured for vertical trajectories 
covering the whole gap in a series of direct vertical traverses of the search coil. 
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Vertical traverses through the central point of the pole gap were carried out at 
a range of magnet excitations to calibrate the integrated deflecting field in terms 
of the exciting current in the magnets; the results of this calibration are given 
in Figure 6. In Figure 7 the variations of J H dl measured along vertical trajectories 
at various parts of the pole gap are shown for the excitation corresponding 
approximately to the maximum deflecting field and to half maximum deflecting 
field. In this diagram the area covered by the defining counters, through which 
accepted particles must pass, is indicated by a broken line. 
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It is necessary to consider the effect on the integrated field of the inclination 
of particle trajectories to the vertical and of the curvature of trajectories in the 
region of intense field. The extreme mean inclination possible in the pole gap 
is about tan-'0-15, corresponding to an increase of integrated field of the order 
1%; moreover this inclination is only possible towards the edge of the pole gap, 
where there is a much larger field deficiency for vertical trajectories. The 
maximum curvature in the pole gap is set, by the geometry of the instrument, 
to be approximately 0-5 m~!. Over a trajectory length in the region of intense 
field of about 40 cm. this curvature would lead to an increase of deflecting 
integrated field of 0:5°%. This maximum curvature also is only possible in 
the extreme edges of the accessible region of the pole gap. 

The purely geometrical limitation of precision of measurement has been 
treated in an earlier section and the modification to this result which arises when 
account is taken of Coulomb scattering of the measured particles in the material 
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Figure 7. Plan of pole gap, showing variations of deflecting 
field for vertical trajectories. 


of the apparatus is examined below. ‘The effect of variations of magnetic field 
on the precision of measurement can be introduced in two ways. Ultimately, 
the section of pole gap traversed by particles in a single counter channel is defined 
in a direction perpendicular to the field axis, within an extreme variation of 
+4b,=+1-:8 cm. It is immediately clear (Figure 7) that the uncertainty of 
deflecting field for a single channel in isolation is almost always very small 
compared with the effects of geometry and scattering. If the magnet excitation 
at the instant of passage is then sufficiently known, variation of magnetic field 
will make no significant contribution to the uncertainty of momentum which 
attaches to each individual particle assigned in the spectrograph to a particular 
momentum category. On the other hand, for many applications the limit of 
accuracy reached in this procedure is unnecessary, and it is convenient to treat 
together the large number of channels which contribute to a single momentum 
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category. ‘The practical aperture of the apparatus, set by the dimensions of the 
defining counters, is a compromise to this purpose, allowing all accepted channels 
to be treated as of the same deflecting field to an accuracy where the effect of field 
variations is not large compared with the effect of scattering (which varies with 
momentum in the same way). The rapid variation of the integrated field shown 
in Figure 7 near the ends of the defining counters indicates that little choice of 
aperture is in fact at our disposal. 


4.2. Rate of Operation: Efficiency as Function of Momentum: Distribution 


The counting rate of the spectrograph in the absence of deflecting magnetic 
fields is a purely geometrical problem, since the vertical cosmic-ray flux at sea 
level in high geomagnetic latitudes is well known. To a first approximation there 
are 80 accessible channels for undeflected particles, the counting rate of each 
being determined by the mean solid angle subtended by a counter of the upper 
tray at one of the bottom counters and by the area of the receiving counter. 

Writing for the vertical particle flux, that of the hard component only, 
J ,,=0-82 x 10-2cm~2 sec! sterad-! (Rossi 1948), we derive a counting rate 


(3-6 x 15)(3-6 x 10) i 
2 
Soe 80 sec 


=5-12x10-?sec !?=19hr!. 


If the total vertical flux, on the other hand, is used, 


7) = 0°82 x 107 


J, =1:23 x 10-“*cnr sees? sterada sand) 77-27 tee 


The measured rate is about 24 hour}. The rate is reduced with increasing 
magnetic field as successively larger fractions of the incident beam are cut off 
by the characteristics of the instrument. At the maximum field the measured 
counting rate is about 16 hour. 

The exclusion of particles in the magnetic field takes the form of a low energy 
cut-off. The determination of the exact form of the cut-off is the crucial measure- 
ment in the application of the spectrograph to the sea-level momentum spectrum, 
and will be considered in detail, in this context, elsewhere. It may be noted here, 
however, that the total counting rate in a particular momentum category (i.e. for 
a known momentum range) is the sum of the counting rates of possible counter 
channels which fall into this category. The separate channels suffer no cut-off 
(except for the zenith angle variation of particle intensity), and the efficiency of a 
given momentum category depends essentially on the effective number of counter 
channels which comprise it. 

‘The angle of entry into the spectrograph of a particle is closely defined by the 
identification of the counter channel traversed. 

In the plane containing the axis of the deflecting field the maximum possible 
angle between the particle trajectory and the vertical is clearly about 15/500 radian 
(length of measuring counters 15 cm., full length of spectrograph 500 cm.) 
or less than 2°. In the plane of deflection the maximum angular departure from 
the angle defined by the counter axes is by/d)=3-6/149 radian, less than 13°. 
‘These figures are extreme values and, except in so far as the direction of approach 
of a particle is masked by scattering in the first counter of the instrument, the 
mean departure from the nominal angle of approach is less than 1° in both planes. 
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‘The uncertainty of direction due to scattering becomes of comparable magnitude 
(see equation (15)) for momenta of the order 2 x 108 ev/c., and thus does not become 
important even at the lowest momenta of the useful range of the instrument. 

While the angle of approach corresponding to a single counter channel is 
closely defined, the total collection into a complete momentum category is spread 
over a considerable angular range. ‘Typical examples of the collecting range as 
a function of momentum have been given in an earlier publication (Owen and 
Wilson 1949). It will be seen that very few particles of any momentum are 
accepted at angles greater than 10° from the vertical, and it follows that the zenith 
angle variation of the particle flux is without effect on the collecting rates in different 
momentum categories until the accuracy of measurement is of the order 3%, a 
performance which, for the categories of low momentum and correspondingly 
low intensity which do reach inclinations of this order is, as, a matter of track 
statistics, unlikely often to be of importance. 


4.3. Spurious Records 

Close attention has been given to various methods by which the frequency 
of spurious operation of the instrument may be estimated, since this forms a 
limiting background against which real phenomena must be studied. The 
suitability of the apparatus for certain applications is entirely determined by the 
level of spurious operation. We define as a spurious record any record in which 
one counter only in each measuring layer is shown to have discharged, when the 
five-fold coincidence forming the master selection has not arisen for the direct 
passage of a single charged particle through each of the five counter layers. 

The sources of spurious counts are of two kinds: (i) where the operation of 
the five counters involves the casual coincidence in time of two or more particles 
which individually traverse only some of the five counter layers, the simplest 
example being the passage of a single particle through four counter layers (but 
not the fifth), within the resolving time of the system, with the discharge from 
whatever cause of the fifth counter layer, (11) where the record arises from the 
discharge of the various counter layers by different particles of a true particle 
association (for example, an extensive air shower). 

These alternatives will first be discussed. 


4.4. Casual Coincidences 
The rate r, of casual n-fold operations between m independent counters or 
counter groups with individual rates 7,...7, in a recording system of resolving 
time 7 is given by an expression (Janossy 1948, p. 48) of which the leading term is 


SED LSE I ia a a ae ne ee (10) 


In our apparatus the rates of possible counter groups vary from about 100 sec~* 
for a single large tray to approximately 0-2, 0-04, and 0-01 sec! respectively for 
the various two-, three- and four-fold groups, while the resolving time is 
3x 10-® second. It follows immediately that two-fold casual operation between 
the discharge of four counter groups by a single particle and the independent 
discharge of the fifth group alone need be considered, and that the rates involved 
will be of the order 

7, = 2077, =2(3 x 10-*)(100)(0-01) sec* 


=6 x 10-® sec} or 1 in 50 hours. 
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More exactly, the total casual rate arising from the five possible ways in which 
one particle traversing four counter layers can be in casual coincidence with the 
discharge of the remaining layer can be written 


(Cs )ictat a net m(Ta a Ts) in sie jones lie (1 1) 


to take account of the high probability that a particle traversing four counter 
layers must of necessity traverse also the fifth layer, and of the different counting 
rates of the single trays. This rate is approximately evaluated in Table 1. 


Table 1. Casual Occurrences of Spurious Records in the Spectrograph 
(7¢=0-005sec 7) 


Counter layer 


Yr T4—17 : Contribution 
operated eH foe Weight ie 
independently (sec) (sec) LOI o.(SECua) 
Outer 100 0-002 2 2:4 10-5 
Centre 50 0-001 1 DESO’ 
Defining 30 0-005 2 2 Op alOee 


(7¢)total Ae ol Oie 


=about 1 in 60 hours 
or 0:08% rs 


4.5. Operation by Associated Particles 

The main source of associated particles to which the apparatus is subject is 
constituted by extensive cascade showers in the atmosphere, and the density 
variation of these showers at sea level is sufficiently established to allow an 
immediate estimate of their effect to be made. 

We require to know the frequency with which one shower particle (and one 
only) falls upon each of the three measuring counter trays while at least one 
particle falls upon each pair of defining counters. The treatment of problems 
of this type is well known (see, for example, Janossy 1948, p. 257), and we may 
write down the probability P(p) that an extensive shower of density p particles/m? 
will give rise to a spurious event in the form | 


P(p) =8 x 16%{1 — exp (— Sp)} exp {— (40 — 3) Sp} {1 — exp (— S’p)}*, 


where S m? is the area of each individual counter in the measuring trays, and 
S’m? is the total area of each pair of defining counters. Then, if the rate of 
occurrence of showers of density between p m™ and (p + dp) m-? is given by 


(pl =Kpw dp Sects i Pe eee (13) 


where y=243 and «=880 (Broadbent, private communication), the rate of 
spurious records arising from extensive showers will be 
to P(p)«kp-” dpsec-}. 
J0 

Now S'=0-0055 m?, S’=0-022 m?; then 7,’ —~1-6 x 10-* sec“! (1 in 22 hours). 

This result may be expected to be considerably too high, for the lower counter 
trays of the spectrograph receive heavy shielding from the bulk of the deflecting 
magnets. ‘The magnets cover a large fraction of the solid angle into which the 
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majority of extensive showers fall (up to 30° zenith angle) with about 50cm. iron, 
which is a complete absorber for electrons of energy about 108ev. (the critical 
cascade energy in air). No serious modification of the analysis is to be expected 
on account of the vertical stacking of the counter trays, since the solid angles 
subtended by the upper trays at those below is small. The largest angle is 
subtended by the top tray at the upper defining counter, but this is only 
0-04 steradian compared with which extensive showers occur with comparable 
order of intensity throughout an angle of the order one steradian. 


4.6. Function of the Defining Counters in controlling the Incidence 
of Spurious Operation 


It is valuable to examine more closely the shower operation of the counter 
array, whether it leads to a spurious count or whether the operation of several 
counters in a single tray makes the record recognizably that of a particle 
association. In particular, the way in which the defining counters modify shower 
operation is of fundamental importance to the achievement of a low rate of 
spurious counts. 

Each shower counting rate can be written in the form 


7 = | P(p)«kp~’ dp sec}, 
0 


where P(p) takes the appropriate value of the particular counter configuration 
concerned: 
for all showers without defining counters, 


P(p, —D) =[1— exp (—165p)}?[1 — exp(—85p)], 
for all showers with defining counters, 
P(p, D) =[1— exp (—16Sp)}? [1 — exp (—8Sp)] [1 — exp (—S'p)P°, 
for ‘1,1, 1’ showers without defining counters, 
P(p, 1.1.1, —D) =8 x 16?[1 — exp(— Sp)]* exp [ — (40 — 3) Sp], 
for ‘1, 1, 1’ showers (spurious records) with defining counters, 
Pie lnletD) = 8 < 167 | 1—exp(—sp)|* exp |—(40— 3) Sp| [1 —exp(—S’p)}?. 


The corresponding quantities P(p)xp-’ are shown in Figure 8, and the 
relative values of r’ are given in column (3) of Table 2. The striking feature of 
this result is the extent to which the occurrence of spurious counts is controlled 
by the inclusion of defining counters, which reduces the rate by a factor of 
nearly 30. 

As has already been pointed out, the primary purpose of the defining 
counters, which is to ensure that the particles recorded travel through the air 
gap of the magnets only, can be achieved in other ways: for example in the 
arrangement of Alikhanian, counters close to the pole faces are used in anti- 
coincidence, particles traversing them being rejected. We consider that the 
large reduction of spurious counts which arises from the use of defining counters 
in our instrument greatly outweighs the rather small increase of scattering of 
particles traversing the counter system. 
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4.7. Experimental Tests of Spurious Operation 


(a) Shower recording. ; 

For the purpose of shower recording the central measuring counter array 
was displaced in the horizontal plane until it was no longer possible for a single 
particle traversing the remaining counter system to pass through it. 

Records were taken first of normal five-fold coincidences and secondly of 
three-fold coincidences excluding the defining counters. Each operation then 
recorded the passage of an extensive shower, while showers in which one counter 
only of each measuring tray was discharged (‘1, 1, 1 ’ showers), and which in 


1000 aa T | ‘a 


Relative Number of Showers Recorded 
per Unit Density Range at Density A 
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Figure 8. Sensitivity of the counter system of the spectrograph to extensive 
atmospheric showers. 


(a) All showers without defining counters. 

(6) 1,1,1 showers without defining counters. 

(c) All showers with defining counters. 

(d) 1,1,1 showers with defining counters (spurious records). 


Table 2. Operation of Spectrograph Counter System (with central tray 
displaced) by Extensive Cascade Showers 


(1) (2) (3) (4) 
Defining | all showers 4-2-40-4 1 4-2+0-4 
counters 1,1,1, showers 0-63-40-16 0:31 2-02-05 
excluded 
aes plbaneher ere 1110-05 0-24 4-6+40-2 
Co ae 1,1,1, showers 0-025+40-008 0-012 1-940-7 
included 


(1) type of shower; (2) experimental rate (hr—'); (3) relative theoretical rate ; 
(4) ratio experimental/theoretical (not normalized). 


normal operation would be incorrectly assigned to single particles, could be 
recognized. ‘Thus measured ratios were determined for the four shower types for 
which theoretical expressions are given in the previous section. The measured 
rates are compared with the relative theoretical rates in Table 2. 

The constancy of the ratio in the last column of Table 2 is satisfactory since 
these values refer to shower events which differ in absolute frequency over a 
range of nearly 200 to 1. Moreover, the variation in this ratio, making ‘1, 1,1’ 
showers relatively less frequent experimentally than would be expected from the 
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theoretical treatment, is exactly the effect to be anticipated from the shielding 
of the lowest counter tray by the magnet structure. Showers which but for this 
shielding would be in the category ‘1, 1,1’ now fail to opezate this layer and do 
not occur ; on the other hand, showers reduced at this layer to one particle over 
the whole tray are likely to be more dense at the upper trays and so do not, as a 
result of shielding, enter the category ‘1,1,1’. It follows that if we were able to 
recognize spurious ‘1, 1,1’, records with the central counter tray in its normal 
position, where it also is shielded instead of being displaced clear of the 
magnets as was the case in the test under discussion, the rate of occurrence 
would be still lower. 

If we estimate the random coincidence rate of the displaced central tray with 
the five-fold operation of the remaining counter system in this test as 


r" =2(3 x 10-8) 50 x 0-005 sec 
oe tsec, == ()-005 hr + 


the shower rate with displaced tray is about 0-018 hr, and with the actual tray 
in its normal position and shielded cannot well be more than about 0-01 hr-4 
leading to about 0-05°% of spurious counts. 

Comparing this figure with the estimated total spurious counting rate for 
random coincidences we conclude that the two sources of spurious counts are 


of comparable importance and together give rise to a background count of the 
order 0-1°% of all counts. 


(b) Operation with opposed magnetic fields. 


A direct measurement of the spurious operating rate has been attempted 
using the normal geometry of the spectrograph but with the two magnetic 
deflecting fields opposed. With this arrangement all genuine records will show 
only small deflection arising from any out of balance of the two deflecting fields 
and from the scattering in the instrument of those particles of momentum 
sufficiently high to be transmitted. 

This test differs from comparable measurements without magnetic field since 
it reproduces more closely the condition of actual operation, in so far as a lower 
limit of momentum is imposed excluding particles which in the absence of field 
would be capable of considerable scattering. A rather low deflecting field was 
used (fHd/~3x10° gauss.cm.) and the geometry of the apparatus leads 
immediately to the minimum momentum of transmission, Pyjy~2 x 10% ev/c. 
The probable deflection due to scattering at this momentum is (§ 4.8) 2cm. and 
hence a scattering deflection greater than about 6cm. is unlikely. The lack of 
balance between the deflecting fields might be as large as 5°% which would lead 
to a further deflection of 2cm. Thus deflections greater than about 8cm. are 
expected to be rare, and particles should not occur appreciably beyond 
momentum category 6 (deflection range 8-1—15-3 cm.). 

Spurious operation, whether due to different particles in extensive air showers 
or to a random association of particles in which the independent counter group 
is one of the measuring trays, are expected to give combinations of measuring 
counters in which all possible counter combinations are equally probable. 

In Table 3 we give the result of about 5,100 traversals with opposed fields 
and, in comparable form, the distribution of false counts to be expected for the 
occurrence of 0:2°% of spurious operation. 

PROC. PHYS. SOC. LXIII, I0—A 72 
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The results are not easily reconciled with a fraction of spurious counts as 
large as 02%. For 0-2% of spurious counts the statistical probability of recording 
no counts out of 5,000 in category 8 or greater is 0-025; for 0-1% of spurious 
counts the corresponding probability is 0-16. 


Table 3. Deflection spectrum in opposed fields (fHdl=3-3 x 10° gauss.cm.) 
of sea-level meson beam filtered in 1:3cm. lead, and expected con- 
tribution due to 0-2°% of spurious records 


Momentum category, 1 0 2 3 4 5 6 7 8 105 1 2aaetes 
Observed no. of particles 

category n or greater HwS eit Bil 11 5 2 il 0 
Expected no. of particles 


category n or greater for 
0:2% spurious records. 10:2 8:8: 7-9" 6:9" 6:1 @5:2 “4:45 3775 475 Icon eG 


Thus this direct estimate of the spurious background agrees completely with 
that deduced from the measurement of shower rates, and sets the background 
rate-at the order 0:1 °%,eorléess: 


(c) Occurrence of ‘ forbidden counts’ in normal operation. 

Alikhanian and his co-workers (1948 a) make an estimate of the spurious. 
counting rate for their instrument by noting the occurrence of counter 
combinations which are inconsistent with the field distribution available for 
particle deflection. This method does not seem to be suitable for our instrument 
partly because of the extremely low background rate which is to be detected and 
partly because the distinction between allowed and forbidden counter combina- 
tions is extremely vague, depending on the uncertain axial extent of the sensitive 
regions of the defining counters, thus allowing only a very few counter 
combinations to be classified as completely forbidden. Even the few combinations. 
which are geometrically completely forbidden in fact refer to particles traversing 
the insensitive end sections of the defining counters, and the probability that a 
secondary electron released in the counter wall can pass into the sensitive region 
and discharge the counters is likely to be greater than the background effect 
under investigation. ‘The use of these ‘ forbidden combinations’ as a method of 
measuring the spurious background rate has therefore been rejected. 


4.8. Factors determining the Precision of Measurement 


We have already given an expression for the ideal, purely geometrical, form 
of the spectrum of particles falling into a single momentum category as the 
product of the incident particle spectrum with a suitable function representing 
the collecting efficiency of a single counter channel for particle deflections in the 
neighbourhood of the nominal deflection of the channel. We now consider the 
modification of this collecting function which arises from the scattering of 
particles in the instrument. 


Scattering. ‘The mean projected angle of scattering @ in a scattering length t 
of material with N atoms of atomic number Z per cm? may be written 
{Williams 1939) 

= 1/2 
62 (19-5 -3.1log 7a (15) 


Bp 
=Kt"/Bp, 


¢ 
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where e is measured in E.s.U., and p in ev/c., and « x 10-8 is 3-9 for glass, 9-7 for 
copper, 0-6 for air. For copper in glass counters of the type used (1 mm. glass 
wall, 0-003 in. copper foil), t.1,,,=0-24 em., é;, =0-015 cm., and thus for a single 
counter 


Pe (220 109) Aileen eal, (rae he (15a) 


We require the lateral displacement of trajectory in the central plane of the 
apparatus due to the traversal of one counter in the central plane and two counters 
(the defining counters) at a distance 91-5cm. from the central plane. This is 
clearly given by (notation of Figure 2) 


(5A),’ =[{$0(dy + dy)}° + 2{40 do}?}¥? cm. 
mr 2 10epeme fo he (16) 


For the air column the lateral displacement in a column of length ¢ is given by 
(see, for example, Rossi and Greisen 1941) x =3-1/2#0. Thus the mean displace- 
ments at the extreme trays for scattering in the air from the line defined by the 
tangent at the central tray are x =3-"2(d,+d)6,, and the mean displacement of 
the central point from the line joining the extreme points will be 


(OA) =(b210)8/Gocm. (17) 


Thus the total scattering displacement (dA), is 
(54), = ((5A),?-+ (5A), 
S70 ep cms et) OES s. (18) 


This uncertainty of displacement arising from scattering is to be compared with 


the geometrical uncertainty which has the 50° breadth, (6A), =0-265)cm. ; 
the effects are of similar importance when pf =8 x 10% ev/c., and in general we 
may write the function which represents the efficiency of collection in the 
neighbourhood of the nominal deflection of a counter channel, to include 
scattering within the apparatus, 


P(A—A,)= { P(A’—A,)exp {-(4’—4,)"/GA)HA (19) 


where P(A—A,,) is the purely geometrical function (equation (3)). 

In practice the treatment of the variation of collecting spectrum with scattering 
will depend closely on the particular application in view. Frequently the effect 
of variations of magnetic field, which also lead to an uncertainty of deflection 
proportional to (8p)-1 will be combined with that of scattering. An example of 
this kind, arising in a consideration of the particle spectrum will be treated in 


detail elsewhere. . 
The scattering deflection, equation (18) sets a limit of precision of measure- 
ment at low momentum, for since the total deflection (equation (1)) is 


A= (300d, | Hal) /», 
we have, for B=1 andfor (6A), >(6A), 
(5A),/A =(7-4 x 108)/(300 d, | Hdl) 
= (1-65 x 10')/{ Hai, 


and, for the maximum value of deflecting field (J Hd/=6-5 x 10° gauss.cm.), 
(8A),/A =0-025. 


GED 
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§5. OUTPUT OF MEASURED PARTICLES 


We shall discuss elsewhere the detailed application of the instrument to direct 
measurements of the vertical particle spectrum and the ratio of positive to negative 
particles in it. The apparatus, however, is designed for the additional purpose 
of supplying a beam of particles of measured momentum which can be used for 
experimental purposes, and the following summary indicates the main features 
of the beam produced. 


5.1. Momentum Distribution 

In Table 4 the distribution into momentum categories of the output, 
normalized to a total of 1,000 particles, is given, for two values of deflecting field 
which have already been used, together with the mean momentum of the particles 
forming each category. For the lower momenta the mean values of momentum 
in each momentum category are taken directly from equation (6); at the higher 
momenta this value is no longer a good approximation since the incident deflection 
spectrum is varying greatly over the range of deflection accepted by the 
instrument. In applications at high momenta, it will usually be necessary to 
consider the detailed momentum spectrum covered by each category, but for 


completeness approximate values of momentum are included in brackets in 
‘Table 4. 


Table 4 
| Hdl=6:1 x 10° gauss. cm. | Hal=3-1x10° gauss. cm. 
Nae Mean No. of Mean No. of 
category momentum particles momentum particles 
10° ev/c. per 1000 NO? CGC per 1000 
0 (26) 53 (16) 90 
1 (12) 126 (7:6) IVSY7/ 
2 (Heil) 148 (4:3) 185 
3 (5:0) 187, (2:7) 151 
+ Bi 118 2-0 107 
5 DS 94 ied 72, 
6 Bee 76 ile! 56 
ii 2:0 50 toil 40 
8 ibe7/ 42 0:96 28 
9 les 36 0-83 aD 
10 1-4 S22 0-74 14 
l= 12 leg 37 0-65 18 
134-14 ihedl 22 0-55 iil 
>14 << () 19 <0:50 9 


5.2. Angular Distribution 


As indicated with reference to the angle of collection (§ 4.2) the instrument 
defines the angle of emergence of any particle to about +1°, and for detailed 
behaviour in subsequent experiments this angle may be used. The general 
geometry of experiments will be determined by the angular distribution covering 
all possible counter channels which contribute to the momentum category 
required. This distribution has already been summarized (Owen and Wilson 
1949, Figure 2), and shows that the maximum spread of particles of a single 
category is + 8°. For most purposes this spread is of little importance, 
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5.3. Spatial Distribution 


The spatial distribution of particles emerging from the bottom counter tray 
of the spectrograph is summarized in Table 5 for typical momentum categories. 
It is apparent from the Table that in every category a substantial fraction of all 


particles can be selected emerging from about eight counters, say from an area 
S01 5.cm". 


Table 5. Spatial Distribution of Particles Emerging from Spectrograph 


Momentum 
Category 0 acd a8 wae 
Mean 
momentum at 
full excitation a . - 14 
(10° ev/c.) 
n* Relative number of particles emerging from mth 
counter of bottom measuring row. 
1 2-0 
2 3-0 
3 4-5 1-0 
+ a5 2:0 
5 6:0 gee 0:5 
6 6:0 4-5 1-6 
7 6:0 5°5 2-6 
8 6:0 6:0 3°2 0:5 
9 6:0 6:0 3°8 0-9 
10 6:0 6:0 5:0 2°7 
id 6-0 6:0 5:0 3-0 
12 6:0 6:0 Di) Be) 
13 5:5 6:0 5:0 3:8 
14 4-5 6:0 5-0 4-0 
15 3-0 5:8 5:0 4-0 
16 2-0 5-0 6-0 5:0 


* n is the serial number of counter of emergence (axis of symmetry, between counters 


8 and 9). 
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A Magnetic Cosmic-Ray Spectrograph with 
Counter Recording—II: The Electronic and Recording System 


By B. G. OWEN 
Physical Laboratories, University of Manchester 


Communicated by P. M. S. Blackett; MS. received 28th March 1950 


ABSTRACT. ‘The paper describes the electronic selection and recording systems of the 
spectrograph and the performance and overall serviceability of the equipment as shown in 
continuous operation over about one year. 


ot IN LROD WUC LION 

GENERAL description is given in the preceding paper (Hyams, Mylroi, 

Owen and Wilson 1950, referred to here as I) of the main features of per- 

formance and operation of the spectrograph. ‘The present paper deals, 
in detail, with the discriminating and recording sections of the instrument. In 
the design of these sections serviceability and stability have been essential consider- 
ations since the apparatus is required to run unattended for long periods. It is 
found, in addition, that a high resolution is necessary in order that the casual 
coincidence rate between the various sections of the instrument, which might give 
rise to spurious records, shall be at a low level. The performance which has 
been obtained is satisfactory in all these respects. 


§2, REQUIREMENTS OF THE RECORDING SECTION 

It has been shown in I that the ‘ accepted event ’, which is interpreted as the 
record of a fast particle traversing the apparatus, requires a five-fold counter 
coincidence between one counter, and one only, from each of the three ‘measuring 
trays ’, and at least one counter of each of the two ‘ defining groups ’ located in the 
field gap of the two deflecting magnets. To simplify the design and increase 
reliability it is found convenient to record all five-fold coincidences between three 
‘measuring trays’ and two ‘defining groups’ irrespective of the number of 
counters which are actually discharged in the measuring trays and give rise to the 
five-fold coincidence. Since it is in any case necessary to have a means of 
identifying any counter which is discharged in a recorded event, this selection 
clearly includes all ‘accepted events’ in a recognizable way : the additional records : 
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in which more than one counter in one or more of the measuring trays is 
discharged, are valuable since they give a continuous record of the most important 
disturbing factors which can on occasion simulate the passage of a single particle. 
For example, it is possible for the particles in an extensive air shower to discharge 
the selection of counters which we have described as the ‘accepted event’ and so 
give rise to a spurious record. Such events, however, bear a readily determined 
relation to similar events in which more than one counter is discharged in any 
tray, and records of the latter events are therefore a continuous check on the 
actual level of shower recording at any time. In addition, internal faults arising 
from interaction between the various counter channels, leading, perhaps, to records 
in which certain counters are shown to have discharged when in fact they have 
not done so, are much more easily detected and corrected if the more extended 
records are taken. 

It has already been pointed out (I) that a primary purpose of the apparatus is to 
supply a beam of particles of measured momentum for experimental purposes. 
It is therefore necessary for the recording system to have capacity either for inter- 
connection with the recording system of any apparatus using the output, or for 
receiving the whole record of such apparatus. Whenever possible the second 
alternative has clear advantages. 

Throughout the design emphasis has further been given to economy, both in 
initial assembly and in maintenance, and to the achievement of a high level of 
serviceability over long periods. ‘The circuits used have therefore been based on 
a minimum of components and valve types. ‘Test equipment has been developed 
so that failure at any stage of the circuits can be quickly located. 


§3. SUMMARY OF CIRCUIT SEQUENCE 

In the previous paper (I) it has been shown that a ‘resolving’ time of 
3 microseconds or less is desirable. With the sequence adopted here, this fixes the 
length of pulse from the various counters between which coincidence must be 
established. Unless these pulses are limited to about 3 microseconds an unac- 
ceptable increase in the level of spurious operation is to be expected ; this figure was 
accordingly adopted for the purposes of design. 

Counter pulses must be transmitted to a central mixing and coincidence unit 
over distances up to 10 metres. An initial electronic unit (suppressor and 
shaping unit) is therefore introduced close to each counter and a cathode follower 
used to transmit the 3-microsecond pulse to the later sections down a screened 
cable. It is found valuable, also, to incorporate at this stage a ‘flip-flop’ or mono- 
stable multivibrator, which rapidly suppresses each counter discharge, thus 
adding significantly to the useful life of the counters. , 

The master coincidence event is a five-fold coincidence of the shaped pulses 
from the three measuring counter trays and from the two defining counter groups. 
Such an event leads to the formation of a master coincidence pulse. It is now 
necessary to indicate the precise counters which have been discharged in each of 
the measuring counter trays. . . 

For this purpose the pulses from the suppressor and shaping units ‘triggered’ 
by the appropriate counter discharges giving rise to the coincidence are mixed 
individually with the master pulse so that counter discharge is indicated by the 
striking of the corresponding neon lamp at a display board. This is viewed by an 
unshuttered camera and recorded on film. The master pulse with suitable delay 
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causes a white light to flash momentarily, photographing the instruments on the 
display board—the magnet current meter, sequence number etc. After this 
illumination, the camera is caused to turn one frame and the apparatus 1s reset 
(see Figure 1). 

When operating secondary apparatus using the output of the spectrograph, 
exactly comparable mixing circuits are used with similar suppressor and shaping 
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Figure 1. 


units in conjunction with the auxiliary counters, and the operation of this equipment 
is indicated by the striking of further neon lamps at the display unit. 

The various elements of the recording circuits will be considered in the next 
Section in greater detail. 


$4. DESCRIPTION OF RECORDING CIRCUI®S 


4.1. Suppressor and Shaping Unit 


This unit, which receives the discharge pulses of a single counter, provides as 
output a low impedance 2-3 microsecond 60 volt positive pulse, the rising edge of 
which corresponds to the beginning of the counter discharge. A schematic 
diagram and circuit are shown in Figures 2(a)and2(b). The suppression of the 
counter is provided from a monostable multivibrator which effectively lowers the 
voltage on the counter (normally operating 40 volts above starting potential) by 
200 volts for 2 milliseconds. 

A suppressor and shaping unit is connected to each counter, 44 in all (16, top 
measuring layer, 2, upper magnet gap defining counters, 8, middle measuring 
layer, 2, lower magnet gap defining counters, 16, bottom measuring layer), and the 
outputs from all of these are carried in screened cables to the coincidence and 
mixing units. 
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4.2. Mixing Panels 

When a master coincidence event takes place (see below) it is necessary to 
illuminate neon lamps at the display panel corresponding to the particular counters 
discharged in the three measuring layers, and to identify in a similar way counter 
combinations of equipment using the spectrograph output. The necessary 
mixing circuits are carried on three panels each controlling 16 neon lamps (one 
panel each for top and bottom measuring layers, one panel for the middle measuring 
layer together with eight lamps to carry auxiliary information). 


Ey 2msec 
: 


3 sec. 


Differ- | Cathode 
entiator | Follower 


3h sec. 


Figure 2 (qa). 


V 


Figure 2 (6). 
R,, Ry, 1 MQ Re 39kQ Ryo 33 kQ C., C3 0-002 uF. V, 6SN7 
R;, Rz }MQ Rg 270kQ R, 500 Q Cy 25 pr. V., Vs EF50. 
R,422kQ Ry 20kQ COR (C5 Gs Osi 


The basis of the operation of these panels may be explained by considering the 
four channels shown in Figure 3. All the input valves (V,,;V2a) V3a>---) in a panel 
are biased off on Gy, the screen grids are interconnected and fed through Ry, and 
the suppressors are joined together and biased off at — 100 volts through R;. 

The discharge of any counter (or counters) in any tray ‘turns on’ the screen 
current of the appropriate input valve for 3 microseconds and at the same instant a 
negative pulse appears across the common screen resistance of that panel. ‘The 
simultaneous discharge of five or more counters (at least one per tray and one per 
defining counter group) generates a master pulse which is used to open the 
suppressor gate of all input valves by removing the negative bias for rather less than 
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3 microseconds. The valves receiving auxiliary data are similar in all respects 
except that the common screen resistor is not connected to the master unit. The 
time delay between the arrival of the pulse at the input valves and generation of 
the master pulse by the necessary five-fold coincidence is of the order of } micro- 
second. ‘The coincidence between a pulse on G, and a master pulse on G, 
provides a negative pulse at the anode of the appropriate valve of the row (V,,, 
V.,---). This pulse is, in turn, integrated by the condenser C,, the resistance 
R,,, and the appropriate diode (y=1 to 16 for a given panel) and reduced in 
amplitude but increased in duration to about } second. 

The valves (V,,,V3,-..) are normally ‘bottomed’ with anode voltage of about 
+ 20 volts, which is insufficient to strike the neon lamp tied between the anode and 
earth. The discharge of a counter, taking part in a coincidence, causes one of 
these valves to be cut off; on these the anode voltage rises until the neon lamp 
strikes, and the lamp remains in discharge until the grid of the valve returns to 
earth potential. 


4.3. Master Pulse Panel 


This unit, which makes the master selection of events to be recorded, receives 
pulses from the five groups of counters in the spectrograph, coincidence among 
which forms the ‘accepted event’ of the instrument. The pulses reaching it from 
the measuring trays are taken from the corresponding common screens in the mixing 
units and are negative; those received directly from the two groups of ‘ defining 
counters ’ are positive and are reversed in valves V,,V, (Figure 4). Valves V,-V, 
form a conventional Rossi coincidence circuit receiving in every case a negative 
pulse. Switches at the screens of these valves allow channels to be tested 
individually. 

A coincidence leads to a positive pulse at the common resistor Ry. Assuming 
a total stray capacity per valve of 20 pr., the time constant of the anode circuit is 
about 2 microseconds. 

The output of the coincidence circuit is fed to the valve Vg which is normally 
biased off by the voltage across the resistor Ry. ‘This bias is set to a minimum 
value consistent with good discrimination between the 4-fold and 5-fold coinci- 
dences. The delay between the leading edge of this pulse and that coming 
initially from the suppressor and shaping units is of importance, for too long a 
delay reduces the duration of the neon lamp flash by reducing the pulse to be 
integrated at V,, in the mixing panels. In our apparatus this delay can be 
reduced to } microsecond. The output pulse across R, is then fed to two channels : 
(a) the relay channel leading to the operation of the recording equipment, and (6) 
the master pulse shaper channel from which the master pulse is returned to the 
mixing panels. 

(a) The pulse across R, triggers the monostable multivibrator at V,. which is 
of sufficiently long time constant to close relay A which holds itself closed through 
contacts Al. 

Closure of contact A2 charges C, and C, through R, and R, respectively. The 
time constants are adjusted so that relay B closes first, causing the display panel to 
be momentarily illuminated, titling the film, numbering the neon lamps and 
recording the instantaneous reading of a clock and of an ammeter in spectrograph 
magnet coils. About 1 second after the closure of Al, relay C closes, cancelling 
relay A and causing the film in the recording camera to move through one frame. 
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(b) In the second channel the pulse from R, is shaped at Vg, Vio giving a 
100 volt positive pulse of duration 3 microseconds which then passes to the cathode 
follower stage V,,,, Vy). The final pulse raises the suppressor voltage of all 
input valves in the mixing units to earth potential. 


§5. PERFORMANCE OF THE RECORDING CIRCUITS 

(a) Valves. The majority of the valves used are of EF50 type and the failure 
rate during this period has been approximately 3°% occurring almost entirely in 
circuit positions where the valves are continuously conducting and not in positions 
where the valves are switched on for short pulses of duration of 3 microseconds. 

If the emission of a valve in the integrating position decreases, the associated 
neon lamp occasionally remains in discharge for periods longer than } second, 
leading to an exceptionally dense record : the valve can thus be replaced before 
complete failure of the particular channel occurs. 

(6) Counters. The counters are operated at 40 volts above the threshold and in 
about 1 year only one failure has occurred. 

(c) Test procedure. The daily check consists in switching the several trays 
singly into the coincidence circuit and examining the neon lamps flashing at the 
display board. ‘The performance is examined of any counter channel for which 
the neon lamp is not flashing at the expected rate of a single counter. If the 
fault persists after the counter voltage has been checked, the whole channel is 
checked systematically by feeding in appropriate test pulses at various stages and 
examining the response on an oscilloscope. ‘Test equipment has been developed 
for this specific purpose and enables faults to be located rapidly ; it has contributed 
notably to the high level of serviceability obtained. 

After the first month of operation, in which faults were located and eliminated 
the apparatus has operated continuously for about a year, during which more than 
80,000 traversals have been recorded. ‘The total time the equipment has been 
inoperative due to failure and testing has been less than 5 % of the total time. 
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Observations on Cosmic-Ray Penetrating Showers at High 
Altitude, Sea Level and Below Ground 


By E. P. GEORGE anp A. C. JASON 
Birkbeck College, University of London 


MS. received ist February 1950 


ABSTRACT. Penetrating showers have been investigated, using Geiger counters, at a 
depth of 30m. below ground, at sea level and at an altitude of 3,457 m. The influence 
of the geometry of the absorbers was studied. The transition curves for local showers, 
corrected for this geometric effect, give the following collision lengths of the generating 
particles : Pb, 180+40; Al, 85+-15; Paraffin ~80 gm/cm?. These values correspond to a 
collision cross section close to the geometric cross section of the nuclei. From the results 
obtained for extensive penetrating showers, it is concluded that most of the penetrating 
particles in these showers appear to be generated in the atmosphere. In 40 days, no pene- 
trating showers were recorded below ground. Using photographic plates, the density 
distribution of shower tracks associated with nuclear disintegrations was found to be similar 
at sea level and 3,457 m. 


Sele ENERO Dia TON 


URING the past 2} years, an investigation has been made of penetrating 
cosmic-ray showers, using apparatus similar to that described by 
Broadbent and Janossy (1947). Observations were carried out first at a 

depth of 30 metres below ground at Holborn Station, in London ; secondly at the 
Scientific Station, Jungfraujoch, Switzerland (altitude 3,457 m.), and finally on the 
roof of the Senate House, University of London. 

The purpose of the investigation was to study the absorption of the primary 
radiation responsible for the showers in air and other substances. Observations 
are reported on the transition curves obtained for various materials and on the 
barometer effect. 

The effect of the geometry of the top absorber on the frequency of the showers 
has been studied, and in this way the penetrating shower transition curves have 
been corrected for the effects of absorber geometry. ‘The corrected transition 
curves for the local showers appear to be inverse-exponential in form, the range of 
the primary radiation being near to that corresponding to the geometric cross 
section of the atomic nuclei of the absorbing materials. 

The frequency of extensive penetrating showers is shown to depend very little 
on the arrangement of the absorbers, and it is argued that in the majority of cases 
the penetrating particles are more likely to originate from the air than from the local 
absorbers. 

The same apparatus was used to study secondary, knock-on showers, and the 
results are recorded in an appendix. A second appendix contains the results of a 
comparison of the mean particle density in penetrating-shower type events 
observed in photographic plates exposed at sea level and at the Jungfraujoch. The 
particle distribution is found to be very similar at both altitudes. 
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§2. EXPERIMENTAL ARRANGEMENT 


The apparatus used is indicated in Figure 1. It consisted of a penetrating 
shower set P, containing three trays of Geiger counters (t, m, b) separated by lead 
absorbers 15cm. thick. In addition to the set P, an unscreened tray of counters 
E was placed nearby to indicate the presence of air showers. 
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Figure 1. General arrangement of apparatus. 


Each of the trays in P consisted of eight counters of effective area 40 x 3cm. 
The top tray t was subdivided into three groups (t,, tg, ts) as shown, the remaining 
two trays m and b were divided into groups m,, mg, and bj, by. 

The air-shower tray E consisted of eight counters in parallel. Each counter 
had an effective surface of 60 x 3-8 cm?, making a total area of 1,824 cm?. 

Sevenfold coincidences, P, consisting of the simultaneous discharge of at 
least one counter in each group of P were recorded and, in addition, coincidences P 
accompanied by a discharge in the air-shower tray, E, were recorded separately 
(P, E). The anticoincidences (P, —E) will be referred to as local penetrating 
showers, while the coincidences (P, E) will be referred to as extensive penetrating 
showers in conformity with the nomenclature established by other workers 
(Broadbent and Janossy 1947). 

Absorbers, ‘Tl’, of paraffin wax, aluminium and lead were placed above the top of 
tray t. The absorbers were 45 cm. square and their lower surfaces 44cm. above 
the top of counters t, shown by the dotted outline in Figure 1. For some 
observations to be described later, the absorber 'T was raised a distance h above its. 
normal position as indicated in Figure 1. 


§3. UNDERGROUND OBSERVATIONS 
During a period of 1,065 hours, no sevenfold coincidences were recorded at 
Holborn Station. Frequent tests of the satisfactory performance of the apparatus 
were made both by recording coincidences of a lower order than seven, and by 
using test pulses from a dry cell. : 
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The possibility that sevenfold coincidences might be caused by a single meson 
passing through the apparatus and producing a secondary electron near each 
counter tray has been pointed out by Janossy. The frequency of sevenfold 
coincidences arising from this mechanism was estimated by observing the fre- 
quency of the knock-on showers in the various trays. We calculate that during the 
period of the experiment, we should have recorded between two and three seven- 
fold coincidences due to knock-on electrons. The fact that none was recorded 
may be attributed to statistical fluctuations. The details are given in Appendix I. 


§4. OBSERVATIONS AT SEA LEVEL 


Investigations were carried out at sea level on (a) the dependence of the rate 
of penetrating showers on the thickness of material T in Figure 1 (the transition 
effect), and (b) the dependence of the penetrating shower rate on the distance, h, 
between the absorber T and the penetrating shower set P, Figure 1 (the geometric 
effect). The contribution from knock-on showers was also recorded. 


(a) The Transition Effect at Sea Level 


Measurements at sea level on the transition effect have already been published 
by other workers with similar apparatus (Janossy and Rochester 1944 a, Broadbent 
and Janossy 1947), and our object in repeating them was simply to standardize our 
apparatus. 

The results are given in Table 1, and are drawn out in Figures 2 (a) and (6) for 
the local and the extensive penetrating showers respectively. ‘These results are 
substantially in agreement with the sea-level measurements of Broadbent and 
Janossy (1947). A marked transition effect is recorded for the local showers, 
showing signs of a saturation in the vicinity of 100 to 200 gm/cm? of lead. ‘The 
points for paraffin and lead appear to fall on the same curve. The extensive 
showers show a small maximum in the vicinity of 2 cm. of lead, decreasing again up 
to 100 gm/cm? lead, after which the rate of extensive showers varies only slowly 
with the thickness of absorber T. 


Table 1. Dependence of Penetrating Showers on the Thickness of 
Absorber T at Sea Level. 


Material T Time ¢ Local showers (P, —E) Extensive showers (P, E) 
(gm/cm?) (hrs.) N N/t N N/t 
0 580 57 0-098 +0:013 53 0:092+0-012 
Paraffin 
bes. 1420 226 0:16 +-0-011 128 0:09 +0-008 
22°6 943 224 0:24 +0-016 96 0-:102+0-010 
Lead 
22-6 538 102 O19 0-019 el 0-143-+0-016 
Sacs 674 207 0-307+0-021 79 0-118 -+0-013 
dots 570 208 0-365 -+0-025 63 0-110+0-014 
226 615 209 0-34 +0-023 70 0-114+0-014 


For the larger thicknesses of lead at T, the absorber layers were spaced out as 
shown in the inset of Figure 1. It was hoped in this way to reduce the influence of 
the large difference in density of the lead, aluminium and paraffin wax absorbers. 
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(b) The Geometric Effect 


It is clear that penetrating showers arising in various parts of the transition 
material T are not all recorded with the same efficiency. It would be expected 
that those arising in the top layers of T would be recorded with a lower average 
efficiency than those arising in the lower layers. This change of efficiency might 
be attributable to: (i) the change in the solid angle that the P set subtends at 
the point of origin of the shower, or (ii) absorption of the shower particles in the 
transition material T’. 

The measurements of Janossy (1942) on the absorption of the penetrating- 
shower particles in lead show that even with the maximum thickness of absorber 
used at T (30 cm. Pb) this self-absorption (ii) will be small. 

The effect of changes in geometry (i) was investigated by keeping the thick- 
ness of the absorber T fixed at 5cm. of lead, and placing it at various heights 4 
above the shower set P (Figure 1.) 

The results are shown in Table 2, and are plotted in Figures 3 (a) and (6). 


Table 2. Penetrating Showers as a Function of the Height, 4, of the Absorber T. 


Height h Time ¢ Local showers (P, —E) Extensive showers (P, E) 
(cm.) (hrs.) N N/t N N/t 
0 674 207 0-307+0-021 79 0-118 -+0-013 
4-5 304 75 0:246+0-028 39 0-128+0-020 
9°5 334°5 77 0-230-+0-026 43 0-128+0-019 
14 394-5 62 0-161 -+0-020 60 0-152+0-020 
25 146 20 0-137+0:031 US 0-103 40-026 
48 DTS) 33 0-119+0-021 40 0:144-+0-023 
68:5 220 22 0:100+0-021 25 0:114+0-023 


The local showers are seen to show a strong dependence on the height, h, of the 
absorber T’, while the extensive showers appear to be independent of h, within the 
limits of accuracy of the experiment. ‘The curve in Figure 3 (a) may now be used 
to eliminate the influence of the absorber geometry on the transition curve for 
local penetrating showers. The details of this procedure will be left until we have 
discussed the observations made at the Jungfraujoch. 


(c) Knock-on Showers 


The observations are recorded in Appendix I. The calculated frequency of 
sevenfold coincidences due to knock-on showers is 0-01/hour, small compared with 
the penetrating-shower frequency. 


§5. OBSERVATIONS AT THE JUNGFRAUJOCH 


At the Jungfraujoch, observations were made on (a) the transition effect, 
and (b) the dependence of the shower frequency on the barometric pressure, 


(a) The Transition Effect at the Jungfraujoch 
‘The shower transition curves were measured at the Jungfraujoch in paraffin 
. . . . 2 
aluminium and lead. The results are given in Table 3. 
Figure 4 (a) shows the transition curve for local penetrating showers (P, -E) at 
the Jungfraujoch. It is seen that the points appear to lie about a common curve 
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for thicknesses of material up to 50 gm/cm®, after which the curves for aluminium 
and lead diverge. The curve for lead rises to a peak at about 150 gm/cm?, after 
which it declines again. The aluminium was only taken up to a thickness of 200 
gm/cm?, but here too the recorded rate of local penetrating showers appears to 
reach a peak at about 150 gm/cm’. 

The transition curves for the extensive showers (P, E) are drawn out in 
Figure 4(b). The curves for lead and aluminium are of typical cascade form, 
showing maxima at approximately 22-6 and 100 gm/cm? respectively. ‘There 
appears to be a small transition effect in paraffin also. 

From the curves of Figures 4 (a) and 2 (a) we obtain the ratios: 


Local penetrating showers at Jungfraujoch 339) eee (1) 
Local penetrating showers at sea level 
and for T=0 
Extensive penetrating showers at Jungfraujoch _ ee ke (2) 


Extensive penetrating showers at sea level 


(b) The Barometer Coefficient of Penetrating Showers at the Jungfraujoch 


The observations at the Jungfraujoch reported in the previous section were 
obtained over a period of four months. ‘The barometer pressures were also noted 
over this same period, and it has been possible to derive a value at the Jungfraujoch 
for the barometer coefficient of the local penetrating showers for those thicknesses 
of the local absorber 'T for which the barometer changes were appreciable. The 
barometer coefficient has been determined at sea level by Janossy and Rochester 
(1944 b) who obtained a value of B= —11:7+2-7% per cm. Hg. The value we 
find at the Jungfraujochis B = — 13:7+ 4-5 % per cm. Hg, in reasonable agreement 
with the sea-level value. The values obtained for various thicknesses of the 
absorber T are given in Table 4. 


Table 4 
Absorber Time Ceca B Standard error 
(gm/cm?) (hrs.) ; (% per cm. Hg) oB/B 
11-3 Al, Pb or Paraffin 266 999 —7°5 sD 
22:6 Al, Pb or Paraffin 320 1426 —15:8 0-4 
40 Al 80 448 =3°5 SY) 
100 Al iy lS 2 —13°6 0:8 


Weighted average : B=—(13-7+4-5)% per cm. Hg. 


§6. THE TRANSITION CURVES OF PENETRATING SHOWERS AFTER 
ELIMINATION OF THE EFFECTS OF ABSORBER GEOMETRY 


From Figures 3 (a) and (d) it is seen that the geometry of the top absorber does 
not affect the rate of recording of extensive penetrating showers to any marked 
extent, and hence it is not worth while introducing a correction into the extensive 
shower transition curve to allow for the finite height of the top absorber. For the 
local showers on the other hand, the situation is quite different. Here there is a 
strong dependence of the rate of recording of local showers on the position from 
which they originate. We have used the curve of Figure 3 (a) in order to correct 


the transition curves 2(a) and 4(a) for local showers observed at both sea level 
and the Jungfraujoch. 


‘yoofnesjsunf oy} 18 
SIOMOYS 9ATSUQ}X9 Iof SdAINO UOTIISUBI YT, 
(wo/w3) ,Z Jaquosqy Jo sseuyoiyy 
00z ee et COL rons 0 


(9) ¥ eansry 


00€ 


unoy sad squno4) 


“SIQMOYS BATSUDIXE IOJ JOOPe OJJoUOeL) *(G) € AINSI] 


(wa) uorqisod jewsou anoge sagsosge qq WIG $0 Y qysiay 


08 09 Ov 4 0 


jnoy Jad suno4) 


‘yooinerysun [ 
OY} 3 STOA\OYS [BIO] IOJ SaAIMO uOoTSURA TY, 


(,v10/w3) Jf saquosqy Jo ssauyoiy | 
g0¢ 002 Ool 20 


‘(D) > Inst] 


qd ¢ : 
Ivy e 
ulyyesed > an 
Gare 
S 

9 

fe 

g 

€ 


“SISMOYS [BIO{ TOF JOoffo IITZaUOe+) *(D) ¢ INST 


(wo) uolqisod jewuou aroge saquosqe gg t39g Jo YY qUyslaH 


snoy Jad squno9 


JOAN] BS 4B SIOMOYS 
SATSUO}XO IOF SOAINO UOTSURLT, 


(9) Z eInsLy 


(,wo/w3) 7 saquosqy jo ssauyoiyy 
epee Orman to ee rk 


qd 
ulpgeued 


unoy tad squno9 


‘[9AV] BIS JB STIMOYS 
‘(v)Z AINSHT 


(,wo/w3) 7 Jaqvosqy yo ssauysiyy 
a ee 00! <a 0 


[B90] TOF oAINO UOTIISUBIT, 


qd ¢ 
UiZZesed 9 


™ 
o 
unoy sad squno) 


73° % 


1088 E. P. George and A. C. Fason 


In order to do this we have to make the following assumptions: (qa) the self- 
absorption of the shower particles in the top absorber T is negligible up to the 
maximum thickness of absorber used (300 gm/cm?) ; (6) the geometry effect is the 
same at sea level and at the Jungfraujoch. 

As mentioned previously the measurements of Janossy (1942) show that the 
assumption (a) is reasonably justified. In an investigation using electron- 
sensitive photographic plates which is reported in Appendix II, we have shown 
that the particle density of the penetrating showers observed in these emulsions 
at the Jungfraujoch is very close to that observed in similar photographic plates 
exposed at sea level. Furthermore, the transition curves for local showers 
observed at the Jungfraujoch and sea level are very similar: cf. Figures 2 (a) and 
4(a). Hence we think assumption (6) is justified also. 

The observed transition curves were corrected for the effects of absorber 
geometry using Figure 3(a) as follows: Let I(T) be the recorded rate of local 
showers produced by material of thickness JT cm., as obtained from the transition 
curves, J(T) the above rate after correction for geometry, and G(h) the experi- 
mentally recorded rate of local showers produced by a layer of material 5 cm. thick 
at a height / cm. above normal position (Figure 3 (a)). 

In the above, the rates referred to are those obtained after subtraction of the 
background rates, and are thus those actually attributed to the presence of the 
material. 


Consider 110m: 
Contribution of lower 5 cm. =I'(10) — G(5). 
Contribution of upper 5 cm. 
corrected for geometry =G (0): 
Therefore [(10) =f) =6 S)26O)2 ee (3) 
Further, let B( Deal) Lay 
Now, consider icon. 
Contribution of lower 10cm. =I1'(15)- G10). 
Contribution of lower 10cm. 
corrected for geometry = {I’(15) —G(10)} B(10). 
Contribution of upper 5 cm. 
corrected for geometry = GQ): 
Therefore T(15)= (15) — G (10) }}B(10)+ G0). (4) 
In general I(T)= '(T)-G(T—5)}B(T—5)+G(0). ...... (5) 


In this way the observed transition curves were corrected empirically, step 
by step, using equation (5) without invoking any theory of the geometric effect. 

In assessing the corrections for aluminium, we have made the assumption 
that G(/) varies in a way similar to that found for lead, except that the absolute 
magnitude is reduced in the ratio 1(5),)/Z(5)p,. Similar arguments apply for 
paraffin. 

The results, corrected in this manner, are given in Table 5, and are plotted ona 
linear scale in Figures 5 (a) and (8). 

From the Jungfraujoch results, for which we have the most data, we may note: 
(1) The points for paraffin, aluminium and lead no longer appear to lie on the caine 
curve, initially (cf. Janossy and Rochester 1944a). (ii) The curves no longer 
show an inversion but appear to be inverse exponential in form. 
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Table 5. Transition Curve Results corrected for Absorber Geometry. 


Material  @ Correction factor Corrected rate of showers 
JuNGFRAUJOCH gm/cm? GS (per hour) 
113 1:21 8-49 -+0:47 
169°5 1:59 10:67+0:52 
226 2:19 14:47+0:-81 
282°:5 2:66 13-82+1:10 
Al 10 1:0 3°53+0:-21 
20 1-1 4-84+0:22 
30 1-21 7:04+0:40 
40 1:31 7°31-+0°33 
60 1:47 10:38 +0:48 
100 1-60 13:41+0-40 
150 1:78 14:76+0:-60 
200 1-94 15:98+ 0-66 
Paraffin 11-3 1-21 3°81+0:25 
22-6 1:47 5:-40+0:°33 
Sea LEVEL 
Pb 0) 1-0 0-098 +0:013 
22:6 1-0 0-190 +0-020 
56°5 1-0 0:307+0:021 
113-0 1:18 0-432 +0:029 
226-0 1:69 0:580+0:039 
Paraffin 11-3 1:18 0:190-40-013 
08 
506 
= 
an & Paraffin 
2 Z $ Pb 
3 02 
ba 100 200 300 


Thickness of Absorber Z’ ( gm/cm’) 
Figure 5(a). Sea level. 
Transition curves for local showers corrected for effect of absorber geometry. 
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3 Al 
> Pb 


Counts per Hour 
S 
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Thickness of Absorber 7° (gm/cm’) 


Figure 5(b). Jungfraujoch. 
Transition curve for local showers corrected for effect of absorber geometry. 


10go rE. P. George and A. C. Fason 


It was therefore assumed tentatively that the points of Figures 5(a) and (5) 
could be represented by curves of the form a+b(1—e-7), where a, the back- 
ground rate is the same for all materials. ‘The quantity R would then be inter- 
preted as giving the collision length of the penetrating shower primaries in a given 
material, and the quantity 5 the frequency of showers recorded for large thicknesses 
of the top absorber when corrected for the showers lost for geometric reasons. 
The term b would be expected to be given by the product of the frequency of the 
shower primaries, N, multiplied by a factor expressing the efficiency of recording 
the showers produced in the top absorber, «, which factor might depend on the 
nature of the top absorber : 


b=Ne,. 3 igen eee (6) 


In order to obtain the best values of 6 and R for given set of points, the following 
procedure was adopted. The background rate, i.e. /(0) =a, was first subtracted, 
and assuming certain values of b and R, the values C(T) of 6(1—e-™) calculated 
for each of the thicknesses T used. The value of yx? was then evaluated for the set 
of points : 


2 


Fe ar, EAC CI 


C(T) 


sii b| 


For a fixed value of R, b was varied and yx? obtained as a function of b. x? passed 
through a minimum at a certain value of b, the optimum for the assumed value of R. 
This was then repeated for other values of R giving a family of curves of x” against 
b, with Ras parameter. In this way the optimum optimorum was determined. ‘The 
range in air, 114+ 10gm/cm?, was determined from the observed ratio of 23 for 
the local showers at the Jungfraujoch and sea level (cf. Wataghin 1947, 'Tinlot 1948). 
The results obtained in this way are given in Table 6. For comparison, we have 
included in this table the absorption lengths of the primary particles of stars 
obtained using nuclear emulsions (cf. Bernadini 1949, George and Jason 1949). 


‘Table 6 
; R b Initial slope R (star primaries) 
Sate (gm/cm?) (per hour) ==D/R (gm/cm?) 
JUNGFRAUJOCH 

Pb 240-450 eer 0-074 310+15 

Al 95+15 16-4 0-170 180 
Paraffin ~90 0-17 160+13 

Air 114+10 150+7 
SEA LEVEL 

Pb 160-+50 0-68 0:0042 
Paraffin ~70 0:01 


The inital slope of the corrected transition curves is given by b/R and since it 
was only possible to obtain results for small thicknesses of paraffin, it is only the 
ratio 6/R that it was possible to deduce for paraffin, and not the individual values of 
6 and R separately. However, it is seen that the difference in the values of b for 
lead and aluminium at the Jungfraujoch is small, and we have assumed that the 
mean value of b is applicable to paraffin also, giving the range indicated in Table 6. 
Similarly, at sea level, the range in paraffin has been deduced by comparing the 
initial slopes of the paraffin and lead curves. 
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§7. DISCUSSION OF RESULTS FOR EXTENSIVE PENETRATING 
SHOWERS 
The following features of our observations on the extensive penetrating showers 
will be commented on : 
(1) the frequency of these showers, 
(11) the smallness of the transition effect (Figures 2 (b) and 4(d)), 
(ii) the absence of any pronounced effect due to the height of the top absorber 
(Figure 3 (4)). 

There is considerable interest in the place of origin of the penetrating particles 
recorded in extensive showers. Several authors, e.g. Salviniand Tagliaferri (1948), 
Broadbent and Janossy (1948), and Auger, Daudin, Fréon and Maze (1948), have 
suggested that the penetrating particles are mainly produced locally in the 
absorbers. 

This view has been questioned by Cocconi, Tongiorgi and Greisen (1948, 
1949), and by Alekseev, Zatsepin and Morozov (1948), who have concluded that 
the penetrating particles mainly originate in the air above the apparatus. This 
latter view, which now seems the more likely one, was based principally on 
observations in which coincidences were recorded between trays of counters with 
separations of several metres, one or more of the trays being heavily shielded with 
absorbers. On the other hand, the production of penetrating particles in lead 
plates in a cloud chamber investigation of extensive showers has been observed by 
Brown and McKay (1949) and by Ise and Fretter (1949), although these authors 
agreed that this process is much less frequent than the passage of single penetrating 
particles through the cloud chamber. Hence, the possibility remained that a 
close-packed system of screened counter trays, as used by us and by Broadbent 
and Janossy, might introduce a bias in favour of the locally produced groups of 
penetrating particles sufficient to make their contribution to the measured 
frequency of extensive penetrating showers appreciable. However, we think that 
even in the events recorded by our apparatus, the penetrating particles originate 
mainly in the air also, for the following reasons. 

We will first form an estimate of the frequency with which the known spectrum 
of extensive showers containing penetrating particles would be expected to dis- 
charge the counter set P (Figure 1) in the absence of an upper absorber (T'=0). 
Using three trays of screened counters, Ise and Fretter find that the frequency 
F (x) of extensive showers in which the penetrating particle density is greater than 
x is given by an expression similar to that established for the totality of particles in 
the showers F(x) =K x-’ with y=1-65. 

Let C,,(S) be the frequency of coincidences in m screened counter trays of 
area S, and S, and S, the area of counter trays used by Ise and Fretter and 
ourselves respectively. Then the frequency of twofold coincidences between the 
two lower trays b,, bs, of our set would be given by (cf. Ise and Fretter 1949) 


Bee 2) 

=1. as) moet 8 

CS) = 12868) (38) Gay (8) 

the factor 1:28 expressing the effect of the difference in height of the two 

observations. This gives C,(S2) = 1-75 counts per hour at the Jungfraujoch. 
The cloud chamber observations of Brown and McKay (1949) have shown that 


the penetrating particles in the extensive showers are mostly concentrated near the 
vertical, and given that the separation between the middle and bottom trays of the 
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counter set (Figure 1) was 22 cm., a rough calculation based on the angular distri- 
bution found by them gives the result that 0-75 of the penetrating particles crossing 
the bottom tray would cross the middle one also, and thus the estimated frequency 
of fourfold coincidences in our trays (m , Mg, bj, bg,) is 0-75 x 1-75 = 1-3 per hour. 

It is now necessary to estimate in how many of these fourfold coincidences the 
unscreened counter trays would be discharged also. Bearing in mind that the 
mean density of electrons in the showers is of the order 50 times that of the pene- 
trating particles, and that two penetrating particles must arrive within an area of 
0-1 m2to be recorded, it is clear that the mean density of the electrons accompanying 
the particular penetrating showers considered will be high, of the order of 1,000: 
per m2, and that the probability that the unscreened trays will also be discharged 
will be close to unity. A detailed calculation gives 0-9 for this probability, and 
hence the figure for the expected rate of recording extensive penetrating showers 
with an apparatus at the Jungfraujoch, produced by the known spectra of hard and 
soft particles, is 0-9 x1-3=1-2 per hour. A similar calculation gives for the 
expected sea-level figure 0-13 per hour (cf. Cocconi, Tongiorgi and Greisen 1949). 
The observed frequencies were 1-4 and 0-09 per hour respectively, and it is seen 
that there is no difficulty in understanding the observed shower frequencies under 
the assumption that the particles are mainly produced in the air, with the density- 
spectrum as given by the authors quoted above. 

The above view is further supported by the very small transition maxima 
observed with T=2cm. Pb. This result can be readily understood in the light 
of the high electron density already existing in the recorded showers. The 
increase in particle density brought about by such an absorber would be hardly 
expected to increase much the probability of discharge of all the unshielded trays, 
since this probability is already approximately 0-9. For comparison we might 
mention that the threefold coincidences (t,, ty, ts) in the top tray alone increased 
by a factor of 7 for T=2cm. Pb, as expected for the more frequent, lower density 
showers. Again, the absence of any observed effect produced by the height of 
the top absorber (Figure 3(6)), is consistent with the suggested origin of the 
coincidences observed. If the penetrating particles were generated locally in the 
top absorber, then since, if they are to be recorded by the lower trays they must 
diverge sufficiently, a height effect similar to that observed for the local showers 
would be expected. The statistical accuracy of the results in Figure 3 (bd) is rather 
limited, and the possibility of a local production of penetrating particles in 10 to 
15% of the events recorded could not be eliminated, but it would be rather difficult 
to maintain that a very significant contribution to the recorded coincidences is 
produced by such locally produced particles. 


§8. DISCUSSION OF RESULTS FOR LOCAL PENETRATING SHOWERS 


The influence of the absorber geometry raises a difficulty in the interpretation 
of all counter experiments on penetrating showers, where absorbers sufficiently 
thick to eliminate electron cascade showers are necessarily used. F urthermore, 
the range of the initiating particles is about 100 to 200 gm/cm2, which means that 
the showers will only be produced with reasonable efficiency in further thick layers 
of material; this introduces more complication into the geometrical factors. 
Two more features of the local showers revealed by cloud chamber studies, which 
must be borne in mind when discussing the results of counter experiments, are the 
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frequent occurrence of electrons at all depths in addition to penetrating particles, 
and the occurrence of the successive production of penetrating particles. 

It would appear that a counter system such as we have used, when responding 
to local penetrating showers, is in general discharged by the electrons produced 
near the top tray at the initial encounter of the primary, and near the 
lower trays by the successive nuclear encounters of the penetrating particles in 
the shower. The penetrating particles play the réle of carrying the electronic 
radiation through thick layers of lead or other absorber, but are not necessarily 
responsible themselves for the counter discharges observed, cf. Birger et al. (1949). 

The reduction in counting rate on raising the top absorber would then follow 
from two causes: the loss of penetrating particles carrying electron cascades 
through the lower block of absorbers, and the reduction of the electrons through 
the top tray. Since the electron accompaniment is usually rather dense, it is 
likely that the former would have the greater effect. This would account for the 
qualitative difference in the dependence of the local and the extensive showers on 
the height of the top absorber, though it is nevertheless likely that the two types of 
shower are very similar, the only difference lying in the point of origin of the 
shower: the top absorber or the air respectively. 

The transition curve for local showers can be understood along the following 
lines. Initially, with no absorber over the top tray, ([=0) shower primary 
particles are incident on the apparatus and generate penetrating showers in the 
lower lead absorbers, causing fourfold coincidences in the middle and 
bottom trays. It is known that the secondary particles are frequently 
scattered in the backward direction, and these will sometimes discharge the top 
tray giving the observed background rate, as suggested by J. G. Wilson (cf. 
Broadbent and Janossy 1947). With the increase of the thickness, 7, of the top 
absorber, the primaries will make their first encounter above the top tray, which 
will be discharged mainly by the ensuing electrons. ‘The same primary or its 
penetrating but strongly interacting progeny will proceed and cause further showers 
in the lower fixed lead absorbers, discharging the middle and bottom counter trays. 
Butler et al. (1949) have recently reported that about half of the ionizing penetrating 
particles of showers formed in lead are likely to be protons. ‘The transition curves, 
Figure 4, would be principally explained by the increasing probability of discharge 
of the top tray by the electron accompaniment, the subsequent fall at about 
200 gm/cm? by the loss of penetrating carriers from the lower absorber. A similar 
explanation of the later decline of the transition curve has been advanced by Meyer 
et al. (1949), though no attempt was made by them to allow for this loss. Our 
method of doing so has been outlined in §6, and we will now discuss the results 
obtained. The approximate equality of the height 6 of the corrected transition 
curves for Pb and Al would have the trivial explanation that the density of electron 
accompaniment is sufficient to saturate the top tray independently of the nature of 
the transition material. This precludes drawing conclusions concerning the 
multiplicity of meson production from the shape of the transition curves. 

The ranges for the occurrence of a collision in lead are found to be different at 
the two altitudes, although the accuracy is not high. Cocconi (1949) has found the 
collision length to be the same at sea level and at Echo Lake, and we will take the 
mean of our two results as giving the most probable value of the collision length in 
lead, viz.200+40gm. This, and the values for aluminium and paraffin must then 
be reduced by a further 10% due to the absorption of the background rate, a, in the 
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presence of the top absorbers. Our final figures for the collision lengths in local 
absorbers are: Pb, 180+40 gm/cm?; Al, 85+ 15 gm/cm?; Paraffin ~ 80 gm/cm*. 

These figures are all close to the range given by the geometric cross section, 
and are all smaller than the absorption lengths found for the star primaries by us 
and by Bernadini (1949), also tabulated in Figure 6. Collision lengths of the local 
shower primaries have been reported as follows : Tinlot (1948) 300 gm/cm? Pb ; 
Cocconi (1949) 160 gm/cm? Pb, 100 gm/cm? C; Fretter (1949) ~ 170 gm/cm* Bb; 
It is likely that Tinlot’s figure would be too large, due to loss of events in the counter 
system for the geometric reasons discussed above. ‘The above figures, and ours, 
seem to be in agreement that the collision length is roughly given by the geometric 
cross section. 

More recently, Walker (1950) has shown that the range is a function of the 
energy of the shower (selected on a basis of multiplicity). High energy showers 
were found by him to correspond to a primary range of 150 gm/cm? Pb, lower 
energy local showers having a longer primary range. Our results appear consistent 
with this, in that we were selecting penetrating showers of high energy. 

Rossi (1948) has indicated the importance of distinguishing between the 
collision length Land the absorption length L, of events in cosmic rays ascribed 
to nucleons (i.e. penetrating showers and stars). Janossy and Heitler have shown 
on theoretical grounds that L, should be given by the geometric cross section, 
and that L, is expected to be about 2L.. 

The collision lengths reported here are in agreement with this view, as also are 
the absorption lengths of the star primaries. It is also further supported by the 
absorption length in air which appears to be nearly equal to 2L,. 

Concerning the absence of penetrating showers below ground, we can of 
course only set an upper limit to the reduction in frequency, from the sea-level 
value, of about 300 : 1. This is derived from the fact that with T7=5 cm. Pb, as 
used below ground, then in the 40 days of observation about 300 local showers 
would have been observed at sea level. Recently, the production of small groups 
of penetrating particles in the same underground laboratory has been reported by 
George and Trent (1949). However, the primary particles of these events are 
hardly likely to be nucleons, and the absence of nucleon cascades would reduce 
considerably the efficiency of our counter system for recording these penetrating 
groups compared with the type of shower recorded above ground. The occurrence 
of penetrating secondaries was found to be less frequent than that of knock-on 
electrons, and hence these apparent penetrating showers would not have been 
recorded in our apparatus during its sensitive time. A further attempt is being 
made to detect penetrating showers below ground using a counter system of lower 
multiplicity, which it is hoped will have considerably greater chances of recording 
sparse groups of mesons. 


§9. CONCLUSIONS 


The results of this investigation, taken in conjunction with those of other 
investigators, lead to the following conclusions concerning penetrating showers: 

(i) The cross section for the production of penetrating showers is close to the 
geometric nuclear cross section, while the cross section for the absorption of the 
radiation producing the showers is about one half of this value. 


(11) The disposition of the absorbers has a marked effect on the transition 
curves of the local showers. 
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(iii) he reduction in frequency of the showers recorded by our apparatus 
below ground is large: more than 300 times smaller than the sea-level frequency. 


(iv) ‘The penetrating particles in the extensive showers are not produced locally 
in the absorbers to any marked extent. 
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KNOCK-ON SHOWERS 


‘The expected number of sevenfold coincidences in P, due to knock-on showers, 
was evaluated by observing coincidences in various tray combinations. The 
results are collected in Tables 7 (a) and 7 (5) : 


Table 7(a) Knock-on Showers Underground. YT=5cm. Pb 


Description Symbol  Rate/hour Seales 

(t,+t.+ts, by +b) R, 400 

(ty +t.+ts, my+mg,) Rs 960 

(ty+te+ts, by, be) R, 15 ons 

(ty +t2+ts, mj, Me) R, 55 m=! 

(ty +te+ts, m,, Mg, by, be) R; 0-64 Omb= 0°16 
(t1, te, ts, my+mg) Re st o,=0°74 
{t,, te, ts, bi + be) R, 2 a =0°5 


Table 7(6) Knock-on Showers at Sea Level. T’=5cm. Pb 


Knock-on 


Description Symbol Rate/hour propane’, 
(t,+t,+ts, b,+be) Ine) 6000 
(ty + te+ts, my+ me) R; 12300 
(ty +t,+t3, by, ba) R; 148 p=2°5 
(t;+te+-tz, m1, Me) R, 396 y= 31 
(ti +te+ts, my, mg, by, bg) R; 2:75 onp = 0046 
(ty, te, ts, my+mMg) Rg 46 op = 0°37 


(ty, te, ts, by +e) R, 18 ap=0°3 
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In the above tables, (t, +t,+ ts, b, + b,) means twofold coincidences between 
the top bank made up of t,, t, and t, in parallel and the bottom bank consisting of 
b, and b, in parallel. Similarly (t,, ty, ts, b, + b,) means fourfold coincidences 
between t,, t, ts, and b, +b, in parallel. Then, «,=R3/R,, gives the probability 
per meson of producing a knock-on electron near the bottom tray and is found to be 
3-7 underground and 2:5% at sea level. Similarly, the knock-on probabilities 
for the middle tray, «,,=R,/R, are 5-7 and 3-1% respectively. ‘The knock-on 
probabilities are expected to be greater below ground due to hardening of the meson 
beam (Bhabha 1938). With the top counters in parallel, a meson can produce a 
secondary electron near the middle and bottom trays, giving rise to a fivefold 
coincidence R;. The calculated probability for this event is «,? which agrees. 
reasonably well in each case with the observed value «,,,». 

The expected triple knock-on rates, which would give sevenfold coincidences 
not caused by genuine penetrating showers is given by Ry x %,” x a, which has the 
value 2-7 x 10-3 per hour underground and 0-01 per hour at sea level. 


AP Bie Ne Xa 
THE DENSITY OF SHOWER PARTICLES 

In § 6, the assumption was made that the distribution of particles in the local 
penetrating showers was the same at the Jungfraujoch and at sea level. ‘This was 
checked in the following manner. 

Nuclear research photographic plates*, sensitive to particles at minimum 
ionization were exposed to the cosmic radiation at these two places. In these 
plates, nuclear disintegrations are sometimes found to be accompanied by showers 
of thin tracks (Brown et al. 1949 a, b). ‘These events have been assumed by these 
authors, and by Heitler and Janossy, to be examples of the production of 
penetrating showers, and we will make the same assumption. 


Table 8. Particle Density in Penetrating Showers observed in 
Photographic Plates 


6 (degrees) 25 37 45 53 60 66 

p (Jungfraujoch) 3-0 D5 2:05 1:8 1-6 1-4 
se (0)°7/ +0:-45 +0-33 +0:25 +0-24 +0-2 

p (sea level) 2a IRS 1-9 lhe 1:4 ions: 
+0:8 +0:56 +0:4 +0:3 +0:°3 +0:25 


The following measurements were performed on a series of stars associated 
with three or more tracks with ionization less than 1-5 times minimum, selected at 
random from the two batches of plates. The direction in space of all the shower 
particles associated with a given star was determined, and a unit vector ascribed to 
each shower particle. The resultant of all these unit vectors was determined, 


giving the centre of gravity on the axis of the shower. The angular distribution of 


the shower particles referred to the shower axis was determined. This was 
repeated for all the showers, and the results averaged to give the mean particle 
distribution round the shower axis. ‘The mean density per shower of the particles. 
within a cone of semi-angle @ from the axis was then determined. The results are 
tabulated in Table 8, in which it is seen that the mean density of the shower particles 


* Ilford type G5 and Kodak type NT4. 


4 
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at sea level does not differ significantly from that at the Jungfraujoch. The small 
difference observed may easily be due to statistical fluctuations, but in any case, if 
it is real, it is sufficiently small to have a negligible effect on the correction for 
absorber geometry discussed in § 6. 

p is the density of particles per steradian within a cone of semi-angle @ round the 
shower axis. ‘The errors express the standard deviations of the number of particles 
recorded within the direction 6. 

The dependence of p on @ appears to agree reasonably well with the results 
reported by Brown et al. (1949 b) although we are not able to compare the absolute 
values of p. The absolute values are similar to those determined from cloud 
chamber observations of penetrating showers (cf. Fretter 1949, Butler et al. 1950). 
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Slow Mesons in the Backward Flux of the Cosmic Radiation 


By D2 MSRITSON 
Dublin Institute for Advanced Studies 


Communicated by L. Fanossy; MS. received 25th May 1950 


ABSTRACT. Using the method of ‘ delayed coincidences’ measurements have been 
made at sea level on the flux of slow mesons travelling backwards from the ground. 


$i.) INTRODUC PION 

XTENSIVE observations have been made on the flux of slow mesons in the 
K cosmic radiation with both counter and photographic plate technique (cf. for 

instance Kraushaar 1949, Camerini etal. 1948). One feature of the measure- 
ments with the photographic plate has been the presence of an appreciable flux 
of mesons arising from the ground beneath the plates. As this has not hitherto 
been confirmed by counter measurements, we have made measurements on this 
backward flux using conventional delayed coincidence methods. 


§2. EXPERIMENTAL ARRANGEMENT 

The experimental arrangement is shown in the Figure, and is similar in type 
to that described by Rossi et al. (1947). ‘The set consisted of four trays of counters 
A, B, C, D. Trays A and B both consisted of five counters, each of active area 
3:-4x25cm. ‘Trays C and D consisted of nine and ten counters respectively of 
active area 3-4 x 50cm. ‘The absorber S, consisted of 50 gm/cm? of lead. The 
absorber S, was 5 gm/cm? of paraffin wax, and the absorber S, consisted of lead 
and could be varied from 0-50 gm/cm? of lead. 


SS SSS RSS SS 
SSSs SSS 
SSeS Ss 


Delayed coincidence apparatus used for measuring the backward flux of slow mesons. 


The apparatus recorded coincidences [AB—(C+D)], CDgq; ie. prompt 
coincidence between trays A and B unaccompanied by a prompt coincidence in 
either trays C or D, and followed by a delayed coincidence CD. The resolving 
times were as follows: The resolving time of each of the channels AB and CD 
was 2 usec., the anticoincidence channel was operative from 2 usec. before to 
12 usec. after AB coincidence, and the delayed channel recorded coincidences 
from 1-:5—6-5 sec. after AB coincidences. 


‘ 
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Soo RESULTS 


The results of the experiments are summarized in the Table. Column (3) 
gives the observed rates [AB—(C+D)], CD,,. Column (4) gives the delayed 
coincidence rates corrected for the random rate. ‘The random rate is obtained 
quite simply from the [AB—(C+D)] rate and the CD rate, and is given by the 
resolving time T x[AB—(C+D)]xCD. The correction due to spurious delays 
in counter trays C and D was negligible. Column (5) gives values of twice the 
ratio of the backward to forward flux. 

The AB and CD and [AB—(C+D)] rates were measured throughout the 
experiment at daily intervals, the AB and CD rates being 140 per min. and 950 
per min. respectively. 


(1) (2) (3) (4) (5) 


Downward flux 


0 cm. 12 Day (()o9) 2°50 -+0:2 a 
Backward flux 
0 cm. 75 0:155+0:22 0:117+0-:022 0:094-+0-018 
2:5 cm. 4-9 0:073-+0-016 0:050-+0-016 0:040+0-012 
5 cm. 4-7 0:052+0-013 0:030+0-013 0:024-+0:010 


(1) Thickness of S, (cm. lead); (2) AB—(C-+D) rate (per min.); (3) [AB—(C+D)], CDay 
uncorrected rate (per hr.); (4) [AB—(C+D)], CDge corrected for casual rate (per hr.); 
(5) twice ratio of the backward to forward flux. 

Note. ‘The values have been corrected for the failure of one counter in tray C during 
the course of the experiment. 


§4. DISCUSSION AND COMPARISON WITH OTHER EXPERIMENTS 


The genuine coincidences [AB—(C+D)], CD,,, can be due to: (a) a meson 
traversing trays AB, stopping in the absorber 5, and emitting a ‘delayed’ particle; 
(b) a penetrating shower event formed in S, by a neutral primary and giving rise to 
a meson stopping in S, ; (c) a penetrating shower formed in absorber 5, by a 
neutral primary and giving rise to a meson in the backward direction. 

The use of a very thin absorber made events of type (0) unlikely. Events of 
type (c) are likely to be a small fraction of the events of the same type due to showers 
in the ground under the apparatus. We therefore believe that the majority of 
genuine delayed coincidences were in fact due to mesons travelling away from the 
ground 

The results given in the Table show that the backward mesons must on the 
whole have comparatively low energies, the majority being cut out by an absorber 
thickness S, of 5cm. of lead. This is consistent with their origin in ‘ nuclear ’ 
showers in the ground, for high energy mesons can only be emitted at small angles 
to the direction of the primary nucleon, whereas low energy mesons can be emitted 
at large angles and thus constitute a backward flux. 

Comparison of the results can be made with those obtained in photographic 
plate measurements at 12,000 ft. (Camerini et al. 1948). The photographic plate 
results lead to values of the backward flux of the order of 0-25 + 0-05 of the down- 
ward flux. These measurements also indicate that the backward flux consists 
predominantly of 7-mesons whereas the downward flux is composed of -mesons. 
u-mesons both positive and negative will decay when stopped in a paraffin absorber. 
On the other hand only positive 7-mesons will eventually be able to give rise to 
decay electrons, negative 7-mesons suffering nuclear capture. We thus consider 
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the true ratios of the intensity of backward or forward mesons to be given approxi- 
mately by twice our observed ratios. 

Our result for this true ratio 0:09 + 0-02, determined in the absence of absorber 
S, has increased to about 0:25 + 0:05 at a height of 12,000 ft. as determined by the 
photographic plate. ‘The downward flux increases by a factor of 4 (Rossi 1948, 
Sands 1950) between these altitudes and thus the backward flux must increase by a 
factor of 10+2. An increase in the intensity of this magnitude corresponds to a 
mean free path of 160 + 20 gm/cm? of the primaries. 

This is of course similar to the mean free path of 140 gm/cm? for the component 
producing the ‘ stars ’ in the photographic plate. The predominance of 7-mesons 
in the backward component (Camerini et al. 1948), the rapid increase of intensity 
with height, and the low energies of the mesons, all strongly indicate their origin in 
local nuclear interactions. 

As a check on the correct functioning of our apparatus we calculated the 
absolute downward flux of mesons taking into account the geometry and the 
efficiency of our apparatus. The calculated value, with estimated error due to the 
uncertainties inherent in the correction factor is 3:5 + 0-5 x 10-® gm™! sterad~! sec“? 
under 10 gm/cm? of absorber (roof). The value obtained from extrapolation of 
higher energy values is 4:5 x 10-®gm~! sterad-! sect (Rossi 1948, and further 
discussed by Kraushaar 1949 and Sands 1950). The agreement is reasonably 
satisfactory for this type of measurement. 

The framework of the apparatus was mounted so that it could be turned round 
a horizontal axis through 180°; thus the apparatus could be turned upside down 
for reading the downward flux of slow mesons. 

Assuming, on the basis of our results, that the average range of the backward 
mesons corresponds to 25 gm/cm? of lead, we obtain a ratio of the total backward to 
forward flux of the order of 2 x 10~* at sea level. 
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ABSTRACT. The second moments of the electron-photon cascades are evaluated. It is 
found that the mean square fluctuation at the cascade maximum is that expected for a 
Poisson distribution or less; before and after the maximum the fluctuation exceeds greatly 
that expected for a Poisson distribution. The correlation coefficient between electrons and 
photons is zero for small thicknesses or near the cascade maximum. For other regions 
the correlation coefficient is positive. Both mean square fluctuation and correlation between 


electrons and photons can be understood qualitatively in terms of fluctuation of effective 
depth. 


SiS INTRODUCTION 
N a previous paper (Janossy 1950) it was shown that a cascade can be 
represented by the following set of equations : 


ee) 


Gea, a, 6) = > fete ERR Eg AE Rae (1) 
= 

where $c, 7, Mg, 6) is the probability that at a depth ¢ a primary of energy EF, 
has given rise to 7, electrons and n, photons with energies above EF =«E, and also 
to an arbitrary number of electrons and photons with energies less than FE. The 
index 7 refers to the nature of the primary: z=1 to an electron primary andi=2 
to a photon primary. 

Considering the ‘approximation A’ the G”s satisfy the following set of 
equations; 


(We rl : € ME : : 
G = Nees if {o»(; 7 ‘) Ge-i) (5 , c) — Ge, a} UN ede oe eres ts (2) 
Z=1,2, 


The variables u, and wu, were omitted for simplicity. ‘The initial condition imposed 
on the Gs can be written 


; ( ie <1) 
GOGO ae ee er (3) 
[ ik esi. 
Inserting (3) into (2) we find immediately 
GO&e,0)=1 for e>1, any Wy, Ue, | 4) 
G%e,Q)=1 for «<1, My=uy=1l. | 


Except for the trivial solutions (4) the equation (2) does not admit of simple 
solutions. As equation (2) is essentially non-linear the usual methods employed 
to solve diffusion equations of the cascade theory fail. However, there exist 
certain linear equations which can be derived from (2) and in the present paper 
we investigate such equations. 
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§2. MOMENTS 
The first order moments of the cascade distribution can be defined as 


SGM, 0) = (Se) gage (5) 


Ou; 
PED: 


The four functions S“” represent average numbers in the following manner: 


Table 1 
n m 
Primary electron SLD 92) 
Primary photon S224) 19 (22) 


n is the average number of electrons, and 
m the average number of photons. 


Similarly second order moments can be defined as follows : 
dG, £) 
(i, kyl) 2 pe et, Sots, 
z i) ( Ou;,OU; ee ( 
A ee Se 
It follows from (6) that T¢*=T@1®, thus only six of the eight moments are 
different. These six moments represent the mean square numbers of photons 


and electrons and also the correlation coefficient between electrons and photons. 
We can tabulate the meanings of the 7’s as follows : 


Table 2 
n(n—1) nm m(m—1) 
Primary electron Ty) Tas) 2) 
Primary photon ese) IME ED Tes2) 


Physically we are not so much interested in the second moments themselves but 
in deviations from the average. We introduce therefore apart from the T’s 
the following quantities : 


oD = THKD _ SEBSUD, Gas 
As is well known the o’s have the following significance : 
Table 3 
bn? — 7 dn dm dm? —m 
Primary electron o (1,151) o (11,2) G32) 
Primary photon go (2,1) o (21,2) oo) 


with 6n=n—7, dbm=m—m. "The o’s in the first and third column represent 
deviations from the Poisson distribution. 

For the consideration of higher moments a notation somewhat different from 
(5) and (6) is of advantage. We may write 


—, 4... O+PGW, £) 
B_ Sis of) = ? 
Fe Gis (G peu ike ee Sa (65) 
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§3. DIFFUSION EQUATIONS FOR FIRST ORDER MOMENTS 


Differentiating (2) with respect to u,, R=1 or 2, and putting afterwards 
u, =u, =1 we find with help of (4) and (5) 


eae = iy {su (3.4) + S@-ik) (5. ‘) = S@ (af atr(e) de 


Equation (7) is somewhat similar to the diffusion equation which usually is taken 
as starting point of the cascade theory; it differs however in the following points 
from the usual equations : 


(1) Equation (7) refers to integral spectra and not to differential spectra. 


(11) In equation (7) S@*) and S@” for fixed k obey a set of simultaneous 
equations, while in the older treatment simultaneous equations for 
SY and S% are given. 


In spite of the above differences the solutions of (7) are, as they must be, 
identical with the well-known solutions of the old treatment. So as to get the 
solution of (7), following Landau and Rumer (1938), we take the Mellin transform 
of (7). Introducing 


i Bese O (et dae: Purletys «ne tee (8) 
0 
we find ey a DAS) PONS iC): (es Bhs (9) 
1 
a) Eee [ U-G-9 ee) de= oleae, 
A= i; <w(W(e)de =n C(s sa), 
s Nantes: (10) 
Ay(s) =2 | wc) de = Boi), 
: 
Aaj { w(e) de 2a): 
0 


The expressions on the very right of (10) are those used in the old version; 
thus (10) shows the connection between our coefficients A;;, and the well-known 


quantities 4,.B, C, D. 
The solutions of (9) can be written as 


2 
PED GCC) = SM CRs) exp = A(s\Cyie— ans. (11) 


the coefficients M,(s) have to be chosen suitably and A,(s) and A,(s) are the 
characteristic exponents of (9); thus they are the roots of the following equation 
for eA: 

Paes 0 mete Yo ieee (12) 
As usual we postulate A, <A, for s>0. From (4) and (5) we get as our initial 
condition 


eee Owe bec | Sf tacinoss (3) 
Thus ASO an Sea) . ee Ph tee ( 14) 
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Inserting (11) into (9) we find with help of (14) 


M93) =(AR fa) (15) 
with Ai, =(— )**As_ x, 3-1 


As an example, we have with help of (10) 
Ag +A 2) 
(0/9) =e eee eee ee 
oe) A,— Ay eS sth 
Thus the M’s are the usual coefficients. Taking the inverse transform of (11) 
we have finally 
“Sp tt oo 


En gS | <M Os) exp {-A,(s)E}ds/s. ...-.- (16) 


TL y Sot 


§4. EVALUATION OF THE SECOND MOMENTS 
Differentiating (2) with respect to uw, and u, and putting u;=u,=1 after 
differentiations, we find with help of (4), (5) and (6) 


CARING 8) oa [rena = t) re eke (5.5) 
0 fe 


— TEN, a w(e'\ de 2 fe @ (eC) eee (17) 


where 


FORM, = » se (; : -»t) sean (5.3) w%(e')de'. ee, (18) 


(k,l) 4 0 a 


= shall signify a summation over the permutations of & and J, e.g. 


{k,1) 

X Ay =Ayy+ Ary. 

(k, 1) 
The above equations are equivalent to equations obtained by Scott and 
Uhlenbeck (1942) except that the full Bethe—Heitler cross sections have been 
used by us. Bhabha and Ramakrishnan have found equations equivalent to (17) 
and (18) by a method different from that given heret. 

We introduce 


1 
ATER D(€, £) de =OUKNs, £), 
~a0) 


# Por (19) 
| oe ID(e, 0) de = FORD, 0). | 


The Mellin transform of (17) can thus be written (cf. (9)) 


(i, k, 1) 
er. = DA QO! 5,0) 4 FOMMS, OQ. cca (20) | 


Equation (20) is the inhomogeneous counterpart to (9). The solutions of (20) 
can thus be expressed in terms of the solutions of (9). From (3), (6) and (19) we <9 
obtain the initial condition | 


OG*Y(sC=0)=0, eee (21) | 


| We are greatly indebted to Mr. Ramakrishnan for communicating unpublished results. | 
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and the corresponding solution of (20) can be written as 
a3 
OER C)= 2 | CRU PN) F eleD (652) aan mae teks (22) 
m-~O 


Inserting (22) into (20) it is easily verified that (22) is indeed the correct solution. 


§5. EXPLICIT EXPRESSION FOR THE SECOND MOMENTS 
Taking the reverse transform of (22) we find 


1 r8y +t 


TOE D(e, 0) = se-* ds [ Plirm(s, C— 2) Fm bs, 2) de. oe... (23) 
/0 


21 | 8) —t0 


We express P®™ and F™-*) in terms of the moments S@”, With help of (8), 
(18) and (19) we find 


ae AS wall al 
PEL. j= -— Sy eds | dz | nS ™(n, £—2) dy | 1dr! 
ini m (k,l) ¥ 8)—io ~ 0 “0 0 
. i Sa, (a .2) $e m, a(S, x) wine’) de Roti (24) 
Jo ee 1 


We note that 


ol ; 1 OS™ ‘ 
[e386 n 0) y= = fap SE ay 
/J0 /0 7) 


for reals>1. Introducing this into (24) we can carry out the integration into s* 
Collecting all the factors containing s we have 


"So tiao —s 
=) (=) as=3(1-—). 
2rt J s,—ico \ 17 
Further, integrating over , we find after introducing «” =e/y’ as a new variable 


é 5 aS@ gem (G2) C— 2) (1, k) ) 
TEEN, C)=— x x ip SE Se ik S ILS’ z 


m (k,l) 


x Sm, (sz ; :) We \idende G2 1) Ulteeae (25) 
ee 


The equation (25) shows that the second moments can be expressed as integrals 
over the first moments. This is an interesting property of the moments. 
Actually (25) can be generalized for higher moments. Using the notation (6 a) 
the following equation can be shown to hold: 


m i [seal 1 Pes 
SE%P (e,.¢)= ahah (OSS CSRS NP oy e & psa 


dc” «1 pr=1\%/ \B 


x (sae eee m5 bd B— “(5 S;) (ede ee (25 a) 


Equation (25) is not suitable for the numerical evaluation of the moments as its 
application requires threefold integration. Also the numerical value of (25) 


depends critically on values of S(e,f) «1; the usual approximations for 
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S(e, £) are inaccurate in this region. In order to obtain more suitable expressions 
we introduce the values for the S’s from (16) into (25). ‘The integrations into z 


can be carried out and we have 


Tis ked) poe S eae (ave eT 
i,k, = AY = 
(<, ‘) Sy (277) m,v, (k,l) Spt T9-— 100 r 
(ae dt eM, (i, m)( s) M, br) M, &-™9(t) Wer, t) 
ty—100 
x exp { ad X,,(s)o} — exp ee [A,,(7) an A,,(t)15} iL el Sait eel dea 
X,,{7) 2%. X,,( t) = X,,(S) 0 
il 
where wr, t) = | "(1 — ewe) de. 
0 


la 


We carry out the integrations into «’ 
effect of replacing s by r+¢. Thus 
1 rtp +200 


rfo +t 
Chey ay ripe 2 eH 
( ) (272)? %—t0 / t,—io ( 


and s. These two integrations have the 


HOb0r, th= DD 
m, Vy (k,l 
Va, Vg 


exp {-An(r+2) exp (D7) +2,(15} 1 
r,,(7) +A,,(t) —A,,(7 + 2) rt 


| M,, (r+ t) M, & (7) M, -™ 9(t) Wer(r, 2) 


An expression equivalent to (26) for i=k=/=1 was given by Scott and 
Uhlenbeck (1942). 


§6. NUMERICAL EVALUATION OF THE MOMENTS 
(1) Double Saddle Point Integration 


The integral (26) can be evaluated approximately by the saddle point method. 
Note that on account of the summations we have 


HOEDG 7) = HOO.) | Sa eee eee (27) 


Further for y=t+0, H(r, t) tends to infinity. Thus for « >1 the integrand taken 
along the line y =t tends towards infinity both for 70 or roo. As the integrand 
is positive in this region it must have at least one minimum along this line. On 
account of (27) a minimum for r=¢ is simultaneously an extremum in both 
variables ry and ¢t. Actually one finds that there is one such extremum only and 
that it is a minimum. 

So as to apply the saddle point method we may put 7)=¢) and require 


0 log H(t,r) 
Gree (ee) — 2 ea (28) 


we drop for simplicity the index (7,,/) where it is unimportant. Equation (28), 
which is the saddle-point condition, can also be used to give the value of ¢ for 
which the saddle point is situated at an arbitrarily given point r=t=7,. 


‘ 
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The saddle point integration can be carried out in the usual way ; neglecting 
terms of the third order in the expansion of H around the saddle point we find 


i HOD, 79) 
i, k,l) ee N00) 
S fe) Orde = payee 0 ee (29) 
with 
Lo ere eal 
@logHebyy 2) fT (30) 
ae See ies ee ) 


all derivatives to be taken for r=t=ry; on account of the symmetry we have 
a=c ; (29) is only valid if ac>b? as otherwise the extremum of H(r,t) is not a 
minimum. ‘This condition is however always fulfilled in the cases under 


16-0 | ale 


log Hr 7) 


log 77 and log 7 m 
zeal 


4 
NA 
Se 


SAI 
SS 
is 
NS 


Oo 
| 
WN 
1 
> 
So 
o 
~ 
s 


-80 
“iT 30 60 80 100 
-log € € =20 
Figure 1. The logarithm of the mixed moment Figure 2. A plot of the logarithm of H(.},?) 
mm and the logarithm of the product of the (r,7) as defined by equation (26) for depths 
first moments m™ and 7 for a depth ¢=20 ¢=2, 10, and 20 cascade units. 


cascade units. A: lognm. B: logn™m. 


consideration. The values of the derivatives (30) can be found by numerical 
differentiation. In this way (28), (29) and (30) give a parametric representation 
Obed Ye, C): 

We have carried out the rather lengthy computation for the mixed moment 
T“1,2(e, ) =7m for various values of £ ; the result of the computation for ¢ =20 
is shown in Figure 1. We have also plotted in Figure 1 for the sake of comparison 
the values of Se, 6) Se, ¢)=nm. The latter are taken from tables computed 
recently.* In Figure 2 log H*1.2(r,r) is plotted as a function of r for ¢ =2, 10, 20. 

From Figure 1 we see that the difference o =7m—iim is not large. We cannot, 
however, infer with safety the actual value of o, as the errors of both im and am 
arising from the saddle point integrations are of the same order of magnitude 


* L, Janossy and H. Messel ; circulated by the Dublin Institute for Advanced Studies (1949). 
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as their difference. In order to evaluate the physically important o’s directly, 
instead of computing first approximations for 7m and 7m a new procedure had 
to be employed. ae 

Note that 77 can be represented as a double complex integral not unlike mm, 
namely 


AM =S% We, LS He, O) 


1° (tort plot 0 oy ake eens (31) 
Sian | { e-th(r, t)drdt 
(277)? t)—10 J ty—t0 
with ; 
h(r,t)= X M, Yr) M,, (2) exp {—[A,,(7) +4,,(2)195 Pree o (32) 


V3, %2 


We may replace h(r,t) by the symmetrical function 


h(r, t) =4{h(r, t) + h(t, r)} 
and find 


ob bL)—nm—nm = 


etl 1,2)(r, t) —h(r, t)) dr dt. 


Totti a 


oie | 
(270)? 9-400 


t)—100 
The integral (33) can be evaluated precisely as (27). A difficulty arises however, 
as H,1,2)7, t) —h(r, t) is not positive definite along r=t. The saddle-point 


integration is therefore not quite straightforward. Although this difficulty 


can be overcome we have preferred to use a slightly modified procedure for 
evaluating (33). 


(11) Method of Slowly Varying Factor 


Evaluating H(r,t) it is found immediately that for not too small values of ¢, | 
all terms containing A, in the exponent can be neglected. This reduces the number | 


of terms considerably. The remaining terms are of two types. We can write 
schematically 


A(r, t)= A(r, t) exp {—(Ay(7) +A,(4))o} + BY, £) exp {—Ay(7 + £)G}. 
ean) 


The exponentials determine, as a rule, which of the two terms is the predominant 
one. Inspecting the numerical values it is found that 


2A,(r) =A,(2r) for r=r,~2-6. 


For <r, the first term predominates while for rr, the second predominates; 
this suggests that there is a qualitative change in the behaviour of the second 
moment with increasing 7, the change setting in while r passes 7,. To see what 
kind of change is involved, we note that the minimum of H(r,t) is largely 
determined by the variation of «+ and that of the exponentials; A(z, #) and 
B(r,t) are only slowly varying factors. Therefore for the purpose of qualitative 


considerations we may modify those factors without greatly changing the general 
behaviour of the integral. Now if we were to replace 


A(r, t)>M(r) M@ (r)/rt, 


B(r, t)>M@(r + t)/rt, veeeee (35) 


4 
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the integral could be evaluated immediately and we should find that the 
process (35) leads to the following replacement : 


TEHIN(e, L)->SOMe, LSM, L) +6 MeO. vase (36) 


The above equation sheds light in the behaviour of the second moments in a 
qualitative manner. The order of magnitude of the second moment is comparable 
either with the square or with the first power of the first moment according to which 
power has the larger value. 


As h(r,t) contains terms of the same type as H(r,t) the above conclusion is 
valid not only for the T’s but also for the o’s. For the purpose of quantitative 
evaluation we write (cf. (11)) 


es 1 Potto lytic = i : 
TEV, 0) = Gap | t | {3 x PO Mr, £) PGE, £) 


tp—ico | (k,2) 
+ EE poner st OL ROHR Dedede ......(37) 
with 
Klbo0(p, t) = HG 0, 2) / 13 = EOE l) PONE ber (=) PUM +t, a 
pe we we ara FS Ss (38) 


The function Kr, t) is stripped of all fast moving components and thus it 
is a slowly varying function. Thus evaluating the integral (37) one obtains a good 
approximation by taking K%"\(r,t)=K©" (79,79) where the saddle point is 
determined by the fast moving factor in the curly brackets. Thus the saddle 
point condition becomes 


log « =15, (los {PG (7, £) PO) (r, 0) + = Ph NDT a3) aes (39) 
and we have approximately 


TEED (c, C) = SMe, £){1 + SEM C, LKGEM( 19, 19), ween (40) 


Equations (39) and (40) give a parametric representation of T®"«, @). 
Similarly we can get a representation for o*(e,¢) defined in equation (6a): 
introduce 


Hey, t) = Heb, t)— 4D POM, OPCML, f) ree (al) 


(k, 1) 
and 
KO’ D(y, t) = Ke 0(r, tHe "Oy, t)/H@ (ry, t). 
We find thus 
ofc, = SOM, {1+ SOM, I} KEM ry, 79). wee (42) 


Equations (39) and (42) provide a parametric representation for the o’s. 
A few numerical values of some of the functions appearing above are collected 


in Tables 4-8 for convenience. 


I110 L. Fanossy and H. Messel 


Table 4. Log H@1)%(r,t); r=t 
¢=2 C=4 £=6 C=8 £=10 6=15 ¢=20 


= 


15 1:63472  3-05542  4-46642  5-87704 7:28765 10-81417 14-34069 
1-6  1-00201 2-01834  3-01848  4-01749 5-01642 7-51373  10-01103 
1-7 0-48058  1-18015 1-85631 2°52983 -3-20305 488599 656893 
1:8  0-03661  0-48074  0-89455 1-30329 1-71113 .2-73029--3-74943 
1-9 —0-35078 —0-11708  0-08079  0-27026 0-45764 0-92454 — 1-39122 
2-0 —0-69545 —0-63788 —0-61945 —0-61320 —0-61104 —0-60997 —0-60989 
2-1 —1-00709 —1-09870 —1-23006 —1-37710 —1-53091 —1-92531 —2-32318 
2-2 —1-29277 —1-51184 —1-76838 —2-04292 —2-32696 —3-05546 —3-79337 
2-3 —1-55781 —1-88645 —2-24749 —2-62679 —3-01737 —4-02109 —5-04404 
2-4 —1-80627 —2:22945 —2-67751 —3-14148 —3-61643 —4-83475 —6-08014 
2-5 —2-04125 —2-54620 —3-06650 —3-59760 —4-13669 —5-50869 —6-90364 
2-6 —2:26512 —2.84089 —3-42093 —4-00421 —4-58997 —6-06188 —7-54056 
2-7 —2-47978 —3-11688 —3-74616 —4-36924 —4-98756 —6-51957 —8-04075 
2:8 —2-68655 —3-37678 —4-04649 —4-69942 —5-33965 —6-90656 —8-45108 
2-9 —2-88651 —3-62273 —4-32552 —5-00051 —5-65508 —7-24261 —8-80270 
3-0 —3-08044 —3-85647 —4-58626 —5-27731 —5-94109 —7-54159 —9-11391 
Table 5. Log H%12\(r,t); t=r—0-2 
r C=2 t=4 L=6 £=8 £=10 C=15 £=20 
1:8 0°52028 = 1:24746 = 1-95327 265683. 3-36015 511837 687659 
1:9 0:06614 0-52993  0-96531 —-1:39615 —-1-82622 -2-90106 ~—- 397586 
2-0 —0-32797 —0-07971  0-13433 034062 054505 1-05480 —-1-56437 
2-1 —0-67732 —0-60860 —0-57781 —0-55851 —0-54297 —0-50795 —0-47378 
2:2 —0-99235 —1-07519 —1-19697 —1-33383 —1-47706 —1-84418 —2-21434 
2:3. —1:28055 —1-49256 —1-74164 —2-00827 —2-28405 —2-99079 —3-70610 
2-4 —1-54751 —1-87035 —2-22555 —2-59883 —2-98315 —3-97029 —4-97556 
2:5 —1-79743 —2-21579 —2-65929 —3-11878 —3-58924 —4.79607 —6-02943 
2-6 —2:03355 —2-53445 —3-05120 —3-57907 —4-11516 —5-48028 —6-86901 
2:7 —2-25834 —2-83067 —3-40797 —3-98901 —4-57292 —6-04146 —7-51796 
2-8 —2-47367 —3-10786 —3-73503 —4-35663 —4-97395 —6-50474 —8-02557 
2:9 —2-68100 —3-36875 —4-03686 —4-68888 —5-32867 —6-89545 —8-44017 


Table 6. Log Hr, 2); t=r—0-4 
r C=? c=4 C=6 =8 ¢=10 ¢=15 £=20 
1:9 0:64609 =1:46150 2:26157 3:06034 3-85899 5-85558 7:85218 


270 0715843 0-68426 1:18738 1:68737 2-18690  3-43557 4-68422 
2:1 —0:25736 0:03644  0-30093 0:55945 0-81670 1:45905 2-10130 
2:2 —0-62156 —0:51824 —0-44900 —0-38931 —0-33249 —0-19303 —0-05407 
2:3. —0-94721 —1-00298 —1-09506 —1-20041 —1-31101 —1-59433 —1-87969 
2-4 —1:24327 —1-43357 —1-65952 —1:90167 —2:15187 —2-79156. —=3-43762 


2°53 —1:51615 —1-82123 —2-15838. —2-51392.'—2-87776 —3-81323 —4-76364 
2-6 —1-77061 —2-17422 —2-60364 —3-04913 —3-50546 —4-67580 —5-87179 
2-7 —2-01023 —2-49876 —3-00454 —3-52228 —4-04881 —5-39156 —6-75931 
2.8 —2:23773 —2-79963 —3:36844 —3-94243 —4-52040 —5-97762 —7-44629 
2-9 —2-45520 —3-08055 —3-70120 —4-31811 —4-93215 —6-45862 —7-97796 


3:0 —2-66420 —3-34447 —4-00762 —4-65672 —5-29503 —6-86113 —8-40634 
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Table 7, Ks10(r,r) Table 8. Kr, 7) 
r ¢=2 C4 y C=2 C=4 
1:5 0-08173 0-10919 1:5 0-08036 0-10914 
1-6 0-03666 0-07506 1-6 0-03046 0-07465 
1:7 —0-00393 0-04246 1:7 —0-01781 0-04086 
18  —0-03909 0-01186 1:8  —0-06276 0-00752 
19  —0-06899  —0-01592 1:9 —0-10353 —0-02525 
2:0 —0-09434  —0-03983 20  —0-14003  —0-05691 
21 —0-11588 —0-05890 21 —0-17257  —0-08656 
2:2 —0-13414  —0-07250 2:2 —0-20156 ,—0-11317 
2-3. —0-14944 —0-08056 Oj) 785 013563 
‘4 —0-16189 + —0-08357 2-4 —0-25018 —0-15393 
2:5 —0-17149  —0-08245 25  —0-27016  —0-16726 
2-6  —0-17824  —0-07835 26  —0-28732  —0-17599 


APY —0-18220 —0-07239 237] —0-30169 —0-18062 
2°8 —0-18351 —0-06551 2°8 —0-31326 —0-18172 
DES) SO 3239 —0-05842 29 —0-32208 —0-18000 
3-0 —0-17914 =OANS1O! 3:0 —0-32826 —0:17612 


The table shows that we are justified in treating the K’s as slowly varying functions. 
In Figures 3, 4, 5, 6 we have plotted of: 10/n(n+1), and o(++%/m(n+1) for 
various values of e and @. 
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Figure 3. Standard deviation. 


The plot of the coefficient o> 1”) /(m n+) for depths €=2, 4, 6, 8, 10, 15 and 20 cascade units. 
The value of £ is attached to each curve. 
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Figure 4. Standard deviation. 


The plot of the coefficient o+1>1)/(7?+-n) for depths €=2, 4, 6, 8, 10, 15 and 20 cascade units. 
The value of € is attached to each curve. 
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Figure 5. Correlation coefficient. 


Plot of the coefficient o+15®)/(7im-+-7) for fixed energies; —log e=1, 2, 3,§4 and 5. 
¢ is the depth in cascade units. 
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§7. DISCUSSION OF THE RESULTS 
(1) Medium Depth 
Examining Figures 5 and 6 we see that both o@ 4 and o(42) for constant € 
show a minimum for a certain depth. The position of this minimum coincides 
with the cascade maximum. The minimum is not caused by the maximum of the 


denominator alone, as the values become slightly negative in that region. The 


actual dependence of the moments on the depths ¢ can be easily understood 
in the following manner. 
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Figure 6. Standard deviation. 


The plot of the coefficient o(1,151)/(v?-+-n) for fixed energies; —log «=1, 2, 3,4, 5, 6 and 8. 
¢ is the depth in cascade units. 


The fluctuation cf the total number of electrons as expressed by of!) is 
about normal at the cascade maximum (i.e. in accordance with a Poisson 
distribution); both before and after the cascade maximum the fluctuation 
exceeds the random fluctuation. This behaviour was already noticed by Scott 
and Uhlenbeck, and it can be accounted for as follows. ‘The most important 
source of fluctuation is the uncertainty as to when the first few collisions will 
take place. If the primary happens to traverse a considerable layer of material 
before it suffers its first collision, then the delay will be shared by all descendants, 
thus the whole shower will be displaced in depth. Similarly the first collision 
may take place immediately after the primary enters and thus the shower may be 
shifted towards small thicknesses. We have therefore fluctuations which may 
be termed fluctuations in effective depth. 'Vhe fluctuation of effective depth will 
cause a large fluctuation in numbers wherever the slope of the average curve is 
pronounced. Therefore we get fluctuations of numbers exceeding the normal 
fluctuation before and after the maximum. At the maximum itself only the 
intrinsic fluctuations remain and this fluctuation is about normal. 
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(ii) Great Depth 
It is a remarkable feature of the cascade process that for large depth, where 
n<1, Sn? is of the order of m and not of the order of 7. This means that the 
probability of finding two particles at a great depth (and presumably that of finding 
several) is of the same order of magnitude as the probability of finding one particle 
there. This feature of the showers again demonstrates the importance of the 


fluctuation in effective depth. The large value of 5n? could not be understood if 
one were to regard particles at great depth as ‘stragglers’ of low energy left 
behind by chance when most of the shower had died down. Consider, for 
instance, two such ‘stragglers’: as their fate is independent, the probability of 
their both arriving at a great depth is considerably smaller than that of one of them 
arriving there. 

The comparatively high probability of finding more than one particle at a 
great depth shows that the tail of showers is caused not so much by low energy 
stragglers but by particles of any energy which happen to escape from the main 
body of the shower by chance fluctuation of energy loss; such particles will 
break up into a secondary showe- at an unusually large depth. In the extreme 
case the primary itself suffers such a fluctuation and the whole of the shower 
may thus be shifted to a depth where under usual circumstances no particles at 
all are to be expected. Note that owing to this unusual type of fluctuation the 
identification at great depth of the condition <1 with the probability that 
one particle will be found there is not justified. 


(iii) Correlation between Electrons and Photons 


The sign of o@12 determines whether electrons and photons show 
fluctuations preferably in the same sense or in the opposite sense. For such e, ¢ 
for which o@12)>0 electrons and photons will show a tendency to deviate from 
the average in the same sense. o is greater than zero for not too small thicknesses 
both before and after the maximum. At the cascade maximum itself and at very 
small thicknesses o 1”) is zero or negative. ‘The positive correlation of electrons 
and photons both for ascent to the maximum and descent after the maximum 
is easily understood in terms of fluctuation of the effective depth, as explained 
above. At the maximum where effective depth fluctuation is of minor importance 
there is either no correlation between 6m and 6m or a slight negative correlation. 

The comparatively strong correlation between electrons and photons at great 
depths is not surprising in view of what was said in § 7 (ii) concerning the 
fluctuation of electrons at great depths. At such depths the probability of the 
presence of two electrons is of the same order as that of one electron only ; we 
see now that the probability of the presence of a photon is relatively high whenever 
there is one electron present. This further confirms the view that particles 
(electrons or photons) at great depths are largely caused by particles of any 
energies escaping out of the main body of the shower and breaking up later than 
usual. 

‘The correlation is negative between electrons and photons for small depths 
and especially for high values of «. This can be understood immediately. 
Consider first the extreme case of e+}. On account of the conservation law 
we cannot have an electron and photon both with energies greater than 4B. 
Thus there is an absolute exclusion and therefore negative correlation. Apart 


‘ 
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from this extreme case it is plausible that for not too small values of « an increased 
number of electrons should mainly arise on account of a deficiency of photons. 
and vice versa ; a negative correlation is thus to be expected. The fact that at 
most depths the correlation is in fact positive is probably caused by the strong 
positive correlation arising from the fluctuation of effective depth, this. 
fluctuation being parallel for electrons and photons. 

The above discussion shows that a great deal of information can be derived 
as to the fluctuation processes from the consideration of first and second moments 
only. We hope to complete these considerations in a later publication where we 
intend to deal with the general solutions of equation (2). 
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Scattering of Fast Electrons 
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ABSTRACT. ‘The cross section for the scattering of electrons by atomic nuclei is 
investigated at energies for which the nuclei can no longer be treated as point charges. 
Two simple nuclear models are used. A general expression is obtained using Born’s 
approximation, and an exact numerical calculation is carried through for 20 Mev. electrons. 
scattered by gold nuclei. It is concluded that at this energy considerable deviations from 
the formulac which treat the nucleus as a point charge should be expected, and that these 
should furnish some information about the charge distribution within the nucleus. 


Si UND RO DUC LLON 


HE elastic scattering of fast electrons by atomic nuclei has been investigated 

theoretically by Mott (1929, 1932), and calculations by Bartlett and Watson 

(1940) and McKinley and Feshbach (1948) based on Mott’s formulae 
agree well with the experimental results of Van de Graaff et al. (1946, 1947) and 
Sigrist (1943). In these calculations the scattering nucleus was taken to be a 
point charge, and the agreement with the experimental results shows that at 
the energies considered (up to 3 Mev.) this approximation was justified. At 
higher energies, however, the electron wavelength becomes comparable with and 
even smaller than the diameter of the nucleus, and scattering experiments at such 
energies should give information about the charge distribution within the 
nucleus. The present investigation is concerned with (a) estimating by means 
of Born’s approximation at what energies effects due to the finite extent of the 
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nucleus would first become measurable and (6) carrying through a numerical 
calculation at one energy for gold. Three nuclear models were used : 


A. Point charge. 

B. Uniform spherical charge distribution of radius R. 

C. Uniform spherical shell charge distribution of radius R. 
These will hereafter be referred to as cases A, B and C respectively. ‘These 
letters will also appear as affixes to distinguish corresponding quantities for the 
three cases. The nuclear radius is taken, as given by Wheeler (1949), to be 
e? 
mc 
where m and e are the mass and charge of the electron, c the velocity of light 
and A the mass number of the nucleus.* 


= 1/3 
R 5 Au 


§2. DIFFERENTIAL CROSS SECTION BY BORN’S APPROXIMATION 
The differential cross section for a Dirac particle in the Born approximation 
is given by Mott and Massey (1949 b) as 


1 — 6 sin? 6/2 


— 2 
2m (“sin Kr 
where F(@) =— oe | ; ee ae V(r)r? dr. 
ys : W?2— mi?ct m?y2 2) 
Heres Keehn S28 — ear ciee e7(c e 


and W, v and mare the total energy, the velocity and the rest mass of the particle 

respectively. ‘This formula is now applied to the three types of nuclei under 

consideration. ‘The integrals which occur are not convergent, because of the 

slow falling-off of the Coulomb field, but if each integrand is multiplied by 

exp(—pr), the limit as »—> 0 exists and is taken to be the value of the integral. 
Similar formulae have already been given by Rose (1948). 


Case A. Vigan 
if 
Ze*(1 — B?) 60 
‘Theref ea a SN ine 
erefore F(0) ee ny 
Ze? (3 ie 
Saalosary eau 
Case B. Vir)\= 
| Ze 
— r>R 
L Y 
‘Therefore 
2mZ e723. er @ --@0 ; 
6B) = ed oer SC eee ort | 
fa(9) Khe 1JxG ze) sin rv dr + a in Kr dry 
3 


= Eps (sin KR—KR cos KR)f (8). 


* Since these calculations were completed, Lu (1950) has advocated i 
A a radius of 1/3 
where ro= 1:47 x 10s kcineton case B and r»=1:34x 10-18 cm. for case C, as healt te ene 
i det elas i IOS on nob asee been used for both cases in the present calculation 
Clearly, if his values are used, any effects due to the finite extent of th 1] i i ; 
increased in case Band slightly decreased in case C. amen edanc | 8°)! 


‘ 
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> == r<R 
R ’ 
Case C. V(r) = 
Ze 
-—, Trak 
L i 
‘Therefore 
2mZe? 1 : 
f(A) = Re us R sin Kr dr + ie sin Kr ar} 

_ sin — 


‘That the Born approximation is invalid for any but the lightest nuclei (Z S15) 
can be seen from the calculations of McKinley and Feshbach (1948). Nevertheless, 
it gives a useful indication as to the magnitude of the effects to be expected even 
for heavy nuclei, though it will underestimate them. From Table 1 it is clear 
that observable effects can hardly be expected for energies below 20 Mev. for 
heavy nuclei and for energies below 40 Mev. for light nuclei, particularly since 
scattering at large angles is difficult to measure because of the small intensity at 
these angles. 


Table 1. Ig, o(9)/Z4(8) 
Ratio of the differential cross sections for the two cases of the extended nucleus 


to that for the case of the point nucleus, for electrons of energy Wmec? 
being scattered by aluminium and gold nuclei, using Born’s approximation. 


Aluminiwm, 3 )Z— 135.4 —27 Goldey7— 793A — 197 
7] 30° 150° 30° 150° 
B Cc B Cc B C B © 
W/mc?= 5 1-00 1-00 1-00 1-00 1:00 =1-00 1:00 0-99 
10 1-00 1-00 1 OO 0-99 1:00 1-00 0°97 0°95 
20) 1-00 0:96 0-94 1:00 0-98 0:87. 0-79 
40 1 OO MNOS 0:86 0:78 0:96 0:94 Oc S/O 2377 
80 0:96 0-94 (eos OS 


§3. EXACT CALCULATION OF THE DIFFERENTIAL CROSS SECTION 


This calculation will be carried out for gold nuclei and electrons of energy 
40mc?(~20 Mev.). For gold, Z=79 and R=8-196 x 10-¥% cm. The theory of 
the scattering of electrons by a centre of force can be found in Mott and Massey 
(1949 a) and their notation will be largely followed here. 


(i) The Differential Cross Section 


The differential cross section is 


OVE ON CN pe) FCO) Ge a Ie ae tao (1) 


where 


: 
S(9) = x ag eer [2i,,]— 1) +n(exp [2% _»-1]—1)}P,(cos 4), 


re oe (2) 
g()= ae ape — exp [207,.] + EXP [20 _ = — il ee ‘(cos 0), 
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and 77,71 are the phases. Now it will be shown below that the phases for the 
cases of the extended nucleus and of the point nucleus differ significantly only 
forn=Oandn=-—2. Hence the differential cross section for case B can be written 


T3(9) = |fa(8) P+ l25(2):|? 3 oe ee eee (3) 


where 
fx(0)= fs (0)-+ 5x ((exp [2in'!] — exp [2éng]) Py(cos 8) 
+ (exp [2in! 5] —exp [2in!g]) Py(c0s )}, 


1 é 
&3(9) =8a(9) + am (exP [2178 .] — exp [27 2]) P,'(cos @), 


me Se 
—_ 


fs(0)= poz (e+ 1)(exp [2én§]—1) + n(exp [2in*,1]- D}P,(c08 8), 


1 ; ; ; 
£4(9) = 5 >(—exp [Zinn] + exp [209*,,1])Pn'(cos 9), 


and similarly for C. f, and gy, are calculated from the formulae 


kf, =ty' F+G, kg, = {iy'(1+ cos 0)F + (1 —cos 0)G} cosec 6, 


_ Ze octet  ieok 9 eae ee ae (5) 
y= = vd-B%), | 
where F and G are found by extrapolation to the higher energy from the tables 
of Bartlett and Watson (1940). These have actually been calculated for the 
case of Hg, but there will be no significant difference for the case of Au. 


(ii) Method of Calculation of the Phase Shifts 


To find the phase shifts we have to fit the regular solutions of the two radial 
equations inside the nucleus to the regular and irregular solutions of the radial 
equations outside the nucleus. This is equivalent to the condition of continuity 
of charge and current. 

The radial equations are 


where W is the energy of the electron. By elimination of R,, we have 


as, 2s oN aS fie 2WV WV2_ n(n+1). na’ 
dr? + \ oes : aay } 


HAC2 ah Ce 7 T © 


S,=90, 


Yr a 


where a 


_1(w ev ye, Wome! 
BNC ae meme Tt RBC 
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or, putting S, =r lol2y, , 
PS 
dr? —fiA(1)P n a 0, is cateeta (8) 
where 


Qian y Ve eek See 21g” 

— — k2 naa as ete 

frlt) ar Ok Semen Uk 8 en flew Xin © PSN ae 
Similarly for Z, =ra-!?R,,. 

Corresponding to #, and oe”, let the regular solutions inside the nucleus be 
G,,and%#,,, the regular solutions outside the nucleus F,, and G,,, and the irregular 
solutions outside the nucleus &,, and #,, respectively. Similarly D,, K,, Fy» 
G,,, E,, H,, correspond to R,, S,,° Then for r=R, 

Hn, oF Ae oe, et BLK wy ) 
Z,, = Ai Fin tj B, Cos 3 


Now asymptotically, in the usual notation, 


ae Pad pe sin (kr yy, In 2kr — ant i Wacreet)> | 
KH nny ~ we? sin (kr + y In 2kr — dn + Np -n-1 t+ On, —n—1)) j 
where p =(W+mce*)/hie, y=Ze?/hv, and the phase 0, ,; depends on the 


particular irregular solution used. The required phase shift ¢,,_,, is then 
given by 
7: eee i See Hr Be Ae nwt 
~ Oe sin (kr + y In 2kr — gn +p nat OB) ie tee ER ie (11) 
B,, sin 
=tan-t}—~_—* ee ee 12 
From (10) and (11), ¢, = tan eB ecoa (12) 
(iii) Solution outside the Nucleus 
If V = —Ze?/r in (3), then, for positive and negative n, the regular solution 
is given by Mott and Massey (1949 a) as 
G =o 1?N,,(2kr) "Her { (n+ 1 + ty’) F(ty t+ paar t 1, 2pnsit 1, 20k) 
ai (Pn4a oo ty) Fy 41 ly ty, 2Pn+1 a i 2tkr)}, ORCFOVONCHO (13) 
where 
— 1 enact: 1 +ty) | Any S (gry! 1 ay —1/2 
Ny = Di eae ae (Gy +24 1)(Pra-m)P™, 
and Pr=Vie =), A=Ze*/he. 


The corresponding phase is given by 


_ atl tty V (prt l—ty) 


5 
n= : — 71 —n—1)}, n>0. 
exp (20,,) Dead —1y (eee Spt iets iy) exp { T(Py 44 )} | 
exp (214_»-1) = to P (ent 1) exp { — zri(py —n)}; n>0. | 
Wyepae 17 hey ly) a 
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Thus if G =o Uap nt Wa y+ nyhte-+)) tees (15) 


then Ang =Np(2k)"+Hnt+14prsitily —y)} wees (16) 


As p,41 is not an integer, we obtain an independent irregular solution #,, by 
replacing p,4, by —py+, throughout. Hence 


HE = Nay 041) Oni e)s ete (17) 
where bno= M,(2Ry ine 1 —Pnitily’—y)}, Spa ee (18) 
and M,, is obtained from N,, by replacing p,,., by —p,+1. Also 


n+1+iy’ D(—paatl—ty) 


- “exp {—ni(—ppi,—n—1)}, nZ0, 
= Bie Cel Peed laety) Pt ( - 


exp 21(», ur Pe) i 


and hence 
Pn+1— ly Ie = Pret 1 —ty) IM pace 1 ar ty) 
— pas —ty V(— pag t+ 1 +iy) V(r t+1-y) 


exp-210 = €Xp 2711p, 44- 


This is clearly true for negative as well as positive . 

The analytical expressions for Y, and #%,, are very unsuitable for numerical 
calculation. Hence equation (7) was solved directly by a numerical method 
(Mott and Massey 1949c). Putting V = — Ze?/r, (7) can be written 


d\ @S,, Qu 3A dS, 
Poe dr? Bs te dr 


2 = Bh rl 
+ for ee), Ma n(n+ Iu, A os 


if r2 n ) 


where w=(W+me")/he, v=(W—me?)/he. The initial integration by the 
method of Frobenius gives 


G 


ee oo 
STR Oil) Hg teeta ae eae (21) 
m=0 m=0 


n 


where the coefficients satisfy the recurrence relation 
[ava 1F Apu(p IP ZV) Qn rad 2 (A?2(u a v) te L(3 ate 3Pn41 a n) ts u(3 [ 2Pn 43)m 
= pem* }a,, m+ 2 at AO i 6p, 41+ (6 Ba 2Pn41)m *p m}a,,, m+3 — OF ee (22) 
A similar relation holds for 6,,,,, if p,4, is replaced by —p,4,. The forward 
integration is then carried out on equation (8). ‘This method checks itself very 
satisfactorily. 


In calculating @,,) and 5, the common factor 2-2 exp (4my) can be omitted 
since (12) only contains the ratio A,/B,. Thus 


tng = Laces + EES | eat 
a/2 D(2p 41 =F 1) {(n + 1 =f ty’ (Pn Te iy) i 

. eg TE aay {i 2a Oo Mens | 
pe seeiear ye 2 


if numerator and denominator are multiplied by n+1+ De ty eed 
similarly for 5,9. 
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Lastly, from (14) and (19), 


7 


tf 9) (n +1-—- Pn+1) sig 4 arg (ear +ty) Bide I\(p,, wait 1 +1y) 
+ garg(n+1+ty’), n20, 


T a 5 
Mn-1= 9 (%— Pn) + 2 arg (p, + ty) —arg (p, + 1 +2y) 


— zarg(n+ty’), n>0, 


On =T(Pn4a +2) — alg (Png tty) + arg P(p_ yy + 1 +ty)—arg l(—paiat1+zy). 


(iv) Solution inside the Nucleus 


For the solutions inside the nucleus the different expressions for the potential 
for cases B and C must be substituted in (7). 


Ze* (3 r? 
Case B. V=- "5 (5 - am) 


If the variable is changed to o=7?/R?, equation (7) can be written 


as dS, 


2(Ao*—Ac8) 5 + (340 —Ao?) 


+ {—4An(n+1)+ [4An(n— 1) + Blo + Co? + Do? + Eo*}S,=0, 


ote (26) 
where 
A=2yuR + 3d, 
B=tAf4uvR? + 6AR(u + v) + 9A*Y, 
C= —LAAMR(u +) + 3A} — BAf4urR? + OAR(u + v) + 907}, 
D=}4AN + VALR(wt v) + 3A}, 
B= — 30°. 
The initial integration gives for the regular solution 
on ¥ Coon iO, I Sone 3 Cpe it, <i det > wets a ) 


m=0 m=0 


where 


Am(2m +2n+ Nos aig [B ma A(m as 1)(2m + 2n— 3) Jen, at Cc, m—2 Den, m—s 


Am(2m —2n— errs a [B a A(m a 2)(2m a 3)] Cn,m-1 a Cen, m—2 + Den, m—3 


ag Ec,,, m—4 — Y on | 
+ Een m—1=9,; n<(. J 
8 


) 
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It is found that for the energy considered the series are sufficiently rapidly 
convergent for a forward integration to be unnecessary. Thus for o=1, 


HR=R( oS 
be 


dK ® R \12 r ] I 
Tes | eer stone et Oe ; 
dr (=e) 1 {1+ aa w= do 


CHE 1 ( R )" 


dr* R\pR+a 
3A 3X2 2A \= —- 
am tt oss, | K 6+ |) > 
: tlaaecy + 4(uR+Ap | +( eR oy ede do 
RN ty ae i 5s (29) 
A check was carried out by substitution 1n equation (8). 
Ze 
CaseC: Va=- ; 
Equation (7) becomes 
aS; 24S; , nn+1) a 30 
dr ' > dr ‘« Bro. Sr ae ace ) 
where k?=(w~+A/R)(v+A/R). The regular solution of the equation is 
je ad e g: Ge Meee) a 0 31) 
C = (=) paste patie Os ne (=) seq yo t= 00 heres ( 
Neglecting a constant factor, 
Katha” i ee (32) 
(v) The Second Radial Equation 
n dS, 
From equation (6), CoA = 7 S- ag 
Therefore Fi, =o PRS eae emcee 
Or eae? 2 a dr 
Thus for r=R, 
m\ dG 
REF, = ~—sF - 24) = eee 
AF \n+1+ poy}, R BF (33) 


The same relation holds for &,, #,, and for D®, # 2 respectively. However, 
in case C, 


CHS. sa Cue ten ™ Ee ne (337) 
dr ~ 


RoBo=(n+1)HE—R 


(vi) Numerical Resutts 


The phase shifts ¢, were calculated for n=0, —2, 1, —3, and it was found 
that, at the energy considered, only the first two phase shifts were significant. 
The differential cross sections were then calculated using (3) and (4). The 
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results of the calculations are summarized in Tables 2 and 3 and also in the 
Figure, where I3()/I,(9) and I,(0)/I,(0) are plotted against 0. 


a x iz rat 


1y(0)/Z,() 


0 30 60 90 120 ISO 180 


Angle of Scattering 6 (degrees) 


Angular distribution of the ratio of the differential cross sections for the two cases 
of the extended nucleus to that for the case of the point nucleus, for 
electrons of energy 40 mc? being scattered by gold nuclei. 


(Full line —— exact calculation, dotted line ---— Born approximation.) 


Table 2 


Phases 774 for the case of the point nucleus, and phase shifts ¢2-° for the difference 
in phase between the case of the point and that of the extended nucleus, 
for electrons of energy 40 mc? being scattered by gold nuclei. 


n ine (P= nye 6 =a 
0 0-415 —0-196 —0-271 
35) 0-400 —0-195 — 0-268 
1 —0-234 —0-002 —0-004 
= = 0-242 —0-001 —0-004 
Table 3 


Differential cross sections for the case of the point nucleus and the two cases 


of the extended nucleus, for electrons of energy 40 mc? being scattered 
by gold nuclei. 


0 (deg.) 30 45 60 90 120 150 180 
R*I4(0) 25-608 6:489 2°543 0-638 0-186 0:0377 0-00015 
R13 (0) 25+268 5-463 1-735 0-277 0-056 0-0096 0-00005 


R*I(6) 24-707 5-019 1-450 0-178 0-031 0-0052 0-000018 
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§4. CONCLUSION 


The investigation has shown that, if 20 Mev. electrons are scattered elastically 
by gold nuclei, considerable deviations from calculations based on the Mott 
formulae should occur for angles greater than about 45°, showing up most clearly 
in the ratio of large to small angle scattering. These deviations should give some 
information about the charge distribution within the nucleus. For that purpose 
the models used in the present calculation have been chosen so that cases A and 6 
are extreme possibilities, while case B is intermediary. However, because 
of the electrostatic repulsion of the charges inside the nucleus, the charge density 
is likely to increase with the radius, and so the true distribution is likely to be 
somewhere between models B and C. The deviations should therefore not 
be larger than those found for case C, and are unlikely to be smaller than those 
found for case B. Similar but probably slightly smaller effects are to be expected 
for light nuclei at about 40 Mev. 

Note added in proof. Recently published preliminary experimental results 
by Lyman, Hanson and Scott (1950) on the scattering of 16-5 Mev. electrons by 
Be, C, Al, Cu, Ag, Au nuclei agree quite satisfactorily with the above calcula- 
tions, when these have been adjusted to the lower energy (Elton 1950). ‘The 
adjustment has been made more accurately since, and the results for gold and 
aluminium are given in Table 4, where the ratio Rg ¢= Js, ¢(9)/I,(9) is compared 
with the most recent experimental ratio R,.. = [.x)(9)/L4(A). 


Table 4 
8 (degrees) 30 90 150 
Z Rpg Re Rexp Rg Ro Rexp Rz Ro Rexp 
AS 1:00 0:99 0-91 0:97 0:95 0:89 0:89 0:84 1:06 
Au 79 0:99 0:97 0-87 0-525 0-35 0259 0-41 0:32 0-43 
ACKNOWLEDGMENTS 


The author wishes to express his sincere thanks to Professor H. S. W. Massey 
for his suggestion of this problem and general guidance of the work. 


REFERENCES 


Bart Lett, J. H., and Watson, R. E., 1940, Proc. Amer. Acad. Arts Sci., 74, 53. 

ELTON, L. R. B., 1950, Phys. Rev., 79, 412. 

Lu, H., 1950, Phys. Rev., 77, 416. 

Lyman, M., Hanson, A. O., Scott, M. B., 1950, Bull. Amer. Phys. Soc., 25, 3, and 
private communication. 

McKintey, W. A., Jr., and Fesupacu, H., 1948, Phys. Rev., 74, 1759. 

Mort, N. F., 1929, Proc. Roy. Soc. A, 124, 426; 1932, Ibid., 135, 429. 

Mott, N. F., and Massey, H. S. W., 1949, The Theory of Atomic Collisions, 2nd edition 
wae : University Press), (a) Chapter IV, §4; (6) Chapter VII, § 3, (c) Chapter 
WAL TeaSiOr 

Rose, M. E., 1948, Phys. Rev., 73, 279. 

Sicrist, W., 1943, Helv. Phys. Acta, 16, 471. 

VAN DE GraafF, R. J., et al., 1946, Phys. Rev., 69, 452; 1947, Ibid., 72, 678. 

WHEELER, J. A., 1949, Rev. Mod. Phys., 21, 133. 


1125 
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ABSTRACT. An approximate linear form of the Peierls—McManus equations of motion 
for an electron is shown to yield runaway solutions for a particular influence function, 
which otherwise satisfies all the conditions imposed by the theory. The general problem 
is to discuss the existence of complex roots of a transcendental equation for an arbitrary 
form of the influence function. It is shown that this equation always has roots. These, 
however, may be such that the corresponding motion of the free electron is of a damped 
nature. It has not been found possible to construct a function which avoids runaway 
solutions or to prove whether or not such a function exists when all conditions are satisfied. 


§1. INTRODUCTION 


N unsatisfactory feature of the Lorentz—Dirac equations of motion for a 
point electron is the existence of non-physical runaway solutions (Dirac 

1938, Eliezer 1943). Bohm and Weinstein (1948), however, have found 
distribution functions in a non-relativistic rigid electron theory, which do not lead 
to runaway solutions. ‘The theory yields the result that self-oscillating motions 
of finite amplitude are possible for a free electron. In a relativistic theory of 
the McManus type, the latter kinds of motion could not occur. Since the ampli- 
tude determining the emission of real light waves is the same as for a point electron 
and, therefore, could not vanish, radiation would be emitted in such a motion. 

The investigation in the present paper, in which an approximate form of the 
relativistically invariant equations of motion of Peierls and McManus (McManus 
1948) is used, shows that the conditions imposed on the influence function H(R?) 
in the development of this form of finite electron theory are not stringent enough. 
An explicit form of H(R?) is considered, which satisfies all the conditions necessary 
for the derivation of the equations of motion but yields an infinite number of 
runaway as well as damped motions for a free electron. ‘The function chosen 
results in the electromagnetic mass of the electron being positiveand muchsmaller, 
if desired, than the mechanical mass. For all forms of H(R*), however, self- 
oscillating motions of finite amplitude never arise. 

The problem of the existence of non-physical solutions of the equations of 
motion reduces to the investigation of the complex roots of a transcendental 
equation, (2.2) below. The latter equation is transformed into a simple equation, 
(4.3), for investigation. It is then shown that the latter equation always admits 
solutions, but these may be such that the electron has only a damped motion, 
either exponential or oscillatory. We have not been able to construct a function 
which avoids increasing solutions or to prove whether or not such a function exists. 
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§2. DERIVATION OF THE GENERAL FORM OF THE 
TRANSCENDENTAL EQUATION AND RESTRICTIONS ON H(R’) 


For the rectilinear motion of an electron of small velocity, <c=1, but whose 
acceleration and higher derivations of velocity may be large, the Peierls-McManus 
equations of motion reduce to (Irving 1949) 
mo — (2e2/3) € =2e? { : (C=) -— Ut =) (= 19) dt XD (2.1) 
where A{(t — t’)?} =dH(R®)/dR? and X(t) is the force due to the ‘averaged ’ external 
field; m is the mechanical mass of the electron; ¢’= C(t’). Thus for a free 
electron X(t)=0 and equation (2.1) becomes a homogeneous linear integro- 
differential equation with the obvious solutions £=constant and ¢=constant. 
Any other solutions may be considered to be of the form C exp (—iwt) where w is 
real or complex. 

Equation (2.1) then assumes the form 


+ 00 
az®-+ ibe? =2 / h(o®){(1 +izv) exp (izv)—l} dv... (2.2) 

We have used here dimensionless variables choosing as our unit of length the 
electron radius 79, i.e. the distance over which the functions H and are appreciable ; 
H(R?) is, in fact, a function of R2/7,2._ Then the variables entering in (2.2) are, 
in terms of ordinary units : 


a=mr,/e?, = Oro, D=2)3, v=(t-t’)/ro, h(v*) = dH(v?)/do?. 


The ‘influence’ function H(R?) must, in the theory of McManus, satisfy the 
following conditions : 


(i) The four-dimensional transform of H(R*) must be of the form 
— 167°g?(K?)/K?, where g is the Fourier transform of the form function F(R?). 
This means that the transform of [_]H(R?) is of the form 1673g?(K?), and, in parti- 
cular, must be positive. McManus has shown that if H(R?) is the same in both 
the light and space cones, that is, is an even function of R?, then g(K?) is replaced 
by g(|K?|) in the transform of H(R*). Also, since g(0) =(27)-*, we must have 


+ 0 ico} 
{ H(R®) dR? =1, and if H is even, | H(R®) dR? =1/2. 
"oo 0 


(ii) For convergence of the integrals in (2.2), when z is purely imaginary or 
complex, h(v”) must fall off more rapidly than exp (zv) for any z. If the integral 
in (2.2) diverges, it is no longer justified to replace the general equation of motion 
by its linearized form (2.1).* 

The method adopted for finding the number of roots and the regions in which 
they lie involves the principle of the ‘argument theorem’ (Phillips 1940). The 
change in the argument of w=/f(z) is found from the contour described in the 
w-plane, corresponding to the boundary of the region of the z-plane, within which 
the existence of roots of the equation f(z) =0 is being considered. 

* The more precise form of the equation of motion, as given by McManus, is less likely to 
diverge because there is a limit to the velocity and this will mean that the influence function can 
bring down the integrand sufficiently rapidly for convergence. For a value of z which is not purely 
imaginary the integrand of (2.2) is of an oscillatory character, and it is reasonable to assume that the 


more exact equations of motion may lead to the same result as working out the integral (2.2) for 
values of x for which it converges and then using analytic continuation. 
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From equation (2.2), since h(v?) is always a real function, so that the integral 
is real for real z, it follows that z=0 is the only possible real root of the equation. 
Thus, self-oscillating motions of finite amplitude are never possible for any real 


A(R’). 
§3. EXAMPLE: DISCUSSION OF A PARTICULAR INFLUENCE 
FUNCTION 


In this section a particular form of H(R?2), which satisfies all the conditions of 
$2, is considered. This function, namely 


H(R2) =(1/2r,%) | pe PID 


0 


corresponds to H(v*) =A ig CxXp( =a) divar i Fess (3.1) 
‘Then eyes =O exp (=o) HE Gs (3.1 a) 
Ar) 


i 


Figure 1. The influence function H(v?) (qualitative). 


v2 


Since we may assume H(v?)=H(-—v?), we then have, for normalization, 


Ds: i H(v?) dv? =1, using units in which 7)=1, and 
0 


H(0*)= - { * p(o'2) do", 
Hence 


2 | ” H(v*) do = —8 | " Heo! de’ | ded | v'Sh(v'2) do! =1. 
0 0 0) 0 


Substitution of expression (3.1a) gives A =1/2. 
The electromagnetic mass m, = (e?/79) (I H(v?) dv. (McManus 1948). 
0 
Hence m, = — (2e2/r,) I Dede ee ak (3.3) 
0) 
Therefore, using (3.1a), m,=+/7e?/2r9. Equation (2.2) takes the form 


az*+1bz3 = — ea [(1 +22v) exp (—izv) — 1] exp (—v") dv = — Y(z), say. 


Now dY(z)/dz= ie zexp (—v? —izv) du =+/7z exp (— 27/4), 


hence Y(z) =2./n{1 — exp (—27/4)}. 


1128 F. Irving. 


The transcendental equation is then 
exp(—2?/4)=l+a’z?+i0'2?, we (3.4) 
where a=ajli/n, 0 =b/2v/a. 
Since exp (— 22/4) undergoes very rapid changes when |2| is large, it is con- 
venient to consider the roots of the equation equivalent to (3.4), namely, 
w=2*/4+ log (1+a'2?+1b'28)+2nm7i=0, ~—..... . (3.5) 


where n=0, +1, +2, +3,.... and the principal value of the logarithm is taken. 

When =0, the resulting equation can be shown to have no roots, apart from 
s=0, if 4a’3>27b’, this being the condition for purely imaginary roots of the 
equation 1+a’z?+7b's3=0. The latter condition is equivalent to 


m > {2(3)"8|(@yY2}mg. wees (3.6) 


However, this means that for any other value of m equation (3.5) will have roots 
both in the upper and lower half of the s-plane. ‘The inequality (3.6) allows an 
electromagnetic mass to be taken much smaller than the mechanical mass, but 
this does not alter the number of non-physical solutions. 

It is shown in the Appendix that the ‘influence’ function under consideration 
has the correct four-dimensional transform, so that all the conditions of the Peierls— 
McManus theory are satisfied. It follows then that more stringent conditions are 
necessary if non-physical solutions of the equations of motion are to be avoided. 

It is of interest to find that the functions 


(i) H(v?) =A exp(-—v?), 
(ii) H(v?) of square wave-form, leading to a 6-form for h(v?), 
also lead to non-physical solutions. 
§4. SIMPLIFIED GENERAL FORM OF THE TRANSCENDENTAL 
EQUATION 


The general choice of ‘influence’ functions is more easily discussed if equation 
(2.2) is transformed. 


Let p(2)= i : h(v*){exp(—izv)-I}dv.  — ...... (4.1) 
Equation (2.2) then becomes 

az + 1bz° =2{ p — 2 dp/dz} = — 22 d{p/z}/dz, 
or, writing q(2) = —d{p/z}/dz, 
the equation is 2q(3)=@+-102- 0.5 = eee (4.3) 


Formulae for H(v?), the normalization condition, and the electromagnetic mass 
in terms of q(z) are now derived. 
From the relation (4.1), 
+ 


dp|ds? =i| * oh(o®) exp (—iav) do, 
+ co 
so that h(v?) = — (i/27v?) | p” exp (22v) dz 


= (1/7) { DY sinzvds. > hen eee (4.4) 
0 
Hence H(v?) may be calculated. 
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From equation (3.2) the normalization condition becomes 


4 p” cos gv 
—- dv | “Sin 80 adz = — | I. poe de |e 
=I “ ~{- du x 


Thus ik CEE ee ees (4.5) 
0 
Since p is even in g, relation (4.3) gives 


p= = ee NOS aes eee fee Re Fa te (4.6) 


Hence, from (4.5) and (4.6) the normalization condition is 


is CRS 


since q’ may be assumed to vanish at s=0 and z= 
From relations (3.3) and (4.4) the electromagnetic mass is obtained, namely 


m, = — (2e?/n79) mk dv’ |v ab p’ sin gv’ dz=— (er) [ p as 
Using (4.6) it may be deduced that 


Win eerLe Gh) tan ee ee Beer (4.8) 
since q'( 0) =q(«) =0. 
Thus, when ¢(z) is known, all other quantities may be calculated. 


§5. DISCUSSION OF POSSIBLE FUNCTIONS 42) 


Consider the equation 
@N= 24) a bey nt (5.1) 
q(z) being even in 2. 
If zs =0 is a root of equation (5.1), then 2q(0)=a. Now a=mr,/e? so that the 
mechanical mass is given by m=2e?q(0)/7). The total mass is M=m+m,. 


Hence, using (4.8), 
M = 2eq(0)/79 — 2€7q(0)/79 = 0. 


Thus for physically sensible solutions, s =0 cannot be a root of equation (5.1). 
It is now shown that equation (5.1) must have at least one solution for any form 
of g(z). This root, of course, may lie in either the upper or lower half of the 
z-plane. 

Consider 1/f(z). Since q(z) is even in 2, it cannot contain a term +7bz, so 
that 1/f(z)>0 as zoo. Now if f(z) has no zero, then 1/f(z) has no poles or 
essential singularities. Hence, if g(z) is uniform, by Liouville’s theorem, 1/f(z) 
isaconstant. ‘Thus f(z) must have at least one zero. If q(z) 1s not single-valued, 
for example, g(z) = A/(c? +3”), then, by considering the branches of the function 
separately with suitable cross-cuts in the g-plane, the problem reduces to the 
previous case. 

From the above calculation a function g(z) can exist such that equation (5.1) 
has roots only in the lower half-plane, these roots corresponding to damped 
motions of the electron. However, it may well be that such a function will not 
satisfy the conditions imposed by the theory. 
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It should be noted that the term ibz in equation (5.1) corresponds to radiation 
damping. If this term is neglected, the above argument is no longer valid and 
functions q(z) will then exist, such that the transcendental equation has no roots. 
This is the Bohm—Weinstein case. It has not been found possible to derive 
explicitly a suitable function q(z), satisfying all the necessary conditions. Indeed, 
even if a function g, which gives no unwanted roots, can be found, the condition of 
positiveness of the Fourier transform of []H would still have to be satisfied. 
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ACPAP Na DX 


§A. The general method of deriving the four-dimensional transform of the 
influence function H(|R?|) is now given. The function G(|R?|), whose four- 
dimensional transform is — 47g(|K?|)/K? can be expressed in the form (McManus 
1948) 

re ice) 
G(R?) = (8) R*) | { gluv) cosv sin (nu)(dujujde,” anes (a) 
0 Jo 
where g(uv) is obtained by replacing aK? by uv, with 
Ke Ky; R=|RI, n= R2/4a. 


Now H(|R?|) = (27)? | 1679 { — g*(|K?|)/K?} exp (—iK.R) dK®. 
Therefore CIH(R®) = (27)? [ 1679g°(K?) exp (—iK .R) dK®, 
so that 16773g2(K®) =(2n)-? | [JH(R®) exp ((K.R)dR®. 
; d ., 0H 
N PNY OV eo ANd 
ow DH(R?) =(4/R?) <5 RA. 


Thus (]H(R?) is an odd function of R?, so that that a relation similar to (a) can be 
obtained, namely, 


1673g?( K?) = (8/477 K?) | | HA (uv) cosv sin mu(dulu)dv, ...... (d) 
o Jo 
where m= K?/4a and #(uv) corresponds to []H(R?). 


§B. ‘The ‘influence’ function used in $3 may be written in the form 


H(V) =(1/2) [exp (-w))udu, 


where V is the four-vector whose time constant is v, V= |V|, and units in which 
ro = l=c are used: 

Hence DIA(V) = — {2(1 — V?)/V?} exp (— V?). 
Then 


g°( K?) = {(27)-4/m} \. i (1 —uv) cos usin mu exp (—uv)(du/u)dv.  ...... (c) 
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Carrying out the integration gives 


2°(K?) = {(277)-4/m} {I — m dl /dm}, 
where i= | {sin mu/(1 + u?)} du and m= K*/4. 
0 


I may be transformed to mP | exp (—y)/(m*—y?) dy, where P denotes the 
0 
principal value of the integral. 


Hence 1=(1)2)P | |“ exp(—y){1) (m—y) +1] (m-+y)) ]ay 


=J,sinhm+J,exp(—m), 
re 


where J y= i exp (—y)/y dy = — Ei(—m), 


n 


and J,={ sinhy/y dy ={Eign)—Ei(—m)}/2. 
0 
Hence 
2?(K?) = {(277)-4/m}[(sinh m — m cosh m)J, + (1 +m) exp (—m)J.]. 
For m very large, 2?(K?) ~ 2(21)-4/m?. 
For m very small, g?(K?) ~ (27)-4(1 + m/2), 


so that g?(0)=(27)-4. For intermediate values of m, g?(K*) may be obtained from 
tables (Jahnke and Emde 1943). It is then found that g?(K?) has the correct 
behaviour (Figure 2). 


9° (K’) 


i 


0 Re 


Figure 2. The form function g*(K*) resulting from the influence function 
shown in Figure 1 (qualitative). 
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ABSTRACT. 'The band-spectrum of BaO between 5000 and 7000 a., which consists of 
a single 15—1E system, has been the subject of a new rotational analysis in which the follow- 
ing bands have been examined: 5,0, 4,0, 3,0, 3,1, 2,0, 2,1, 1,1, 1,2, 0,2, 0,3 and 0,4. 
The constants derived are : 


B,/ =0°3124,—0-0013,(v” +) —0-0000,(v” + 3)? B, =0-2584—0-0011,(~ +4) 


DY SOS NO Di 23s Ome 
re’ =1:940 x 10-8 cm. A = OMNIS NOS Gans 
eu 0098S Ke Ooa— 2 Uo w, ~500, iCOne—alag 


Vo, 7 MOLD Sai, 

In the upper state some 16 perturbations have been found. They appear to arise from 
interactions with at least four electronic states or substates. Fairly complete information 
about one of the perturbing levels has been obtained. ‘The constants of this state are: 

B,=0-2254—0-0013,(u+4), 
Go=450-4(v+3)—2-(0+ 9), 
Vo,o=17476-, cm—?. 


The band-constants of the other perturbing states are very similar to those given above. 


Si INPRO DUC TTOIN 


HE addition of barium salts to flames or arcs leads, in presence of oxygen, 

to the production of a characteristic band-spectrum attributed to BaO. 

Mecke and Guillery (1928) arranged the band-heads in a vibrational scheme. 

Mahanti (1934) showed that the bands between 4300 and 8000. form a single 

system, and gave vibrational and rotational analyses of this system, which was 
shown to arise from a 1X! transition. 

Although a superficial examination of Mahanti’s rotational analysis reveals 
no inconsistencies, the value derived for the internuclear distance in the lower 
state is unexpectedly small in comparison with analogous molecules, and, on 
checking the published figures more carefully, several discrepancies become 
apparent. ‘Thus, some of the plots of 21) against J?, 


(2) R(J — 1) + PJ) —2(B’ — B”) J?) 


show anomalous changes of slope, some of the combination differences agree 
rather poorly, and the graphical method for the determination of B—by plotting 
A,F()/(J +3) against (J +3)’—gives for B,’ a value other than that quoted by 
Mahanti. ‘These facts were disclosed by James (1947), who, from an examination 
of some relatively low-dispersion plates, also discovered the existence of at least 


one perturbation, and was able to suggest an alternative rotational analysis, with 
By’ ~ 0:31 cm, By’ ~0:26cm-!, 
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It was evident that a new fine-structure analysis was desirable, especially as 
it was possible for us to use an instrument of greater dispersion and resolving 
power than that used by Mahanti (1-2 a/mm. as against Mahanti’s 1-8 a/mm.). 

Mahanti’s vibrational scheme is confirmed by the present work, but his 
rotational analysis is incorrect. His constants are B,” =0-36440, B,’ =0-30995, 
r.. =1-787x10-§ cm. The new values are B,"=0-3124,, B,’ =0-2584, 
r," =1:940. We have also found a number of perturbations in the upper 
vibrational levels, some of which are very apparent (Figure 1 (d),(c), Plate). 


§2. EXPERIMENTAL 

The spectrograms were taken in a first order of a 21-ft. Wood concave grating 
(165,000 lines) having a dispersion of about 1:2 a/mm. 

As source we used an acetylene—air flame running at about 4 atmospheres 
pressure of air fed with an aqueous solution of BaCl,. ‘This gave a much cleaner 
spectrum than that obtained with a carbon arc. In the arc atomic lines of Ba 
appear very strongly, and the background also contains a number of interfering 
lines. With the flame little trouble arose from atomic lines (Figure 1). The 
exposure time was about 15 hours. Eastman ID, IIE and IN plates were used. 

The band-lines were measured by two of us independently from about 5000 
to 7000 a. against Fe arc lines whose wavelengths were taken from the M.I.T. 
tables (1939). It is considered that the errors do not in general exceed 
+ 0-03 cm7. 


§3. STRUCTURE OF THE BANDS 


The appearance of the structure in some typical regions is shown in the 
spectrograms reproduced in Figure 1. Only two branches were found in each 
band, and we conclude that the system arises from a 4X—'% transition. The 
structure is very open as the bands lie on a wide Condon parabola; thus the heads 
are formed by lines of low J values, commonly R(3) to R(6). 


Table 1. Deslandres Scheme of Band-Origins 


5 | 19172-64 
485 ‘01 
4 | 18687-63 
486°97 
3 | 18200-66 665-71 17534-95 
488-40 488-41 
2 |17712:26 665-72 17046-54 
495°93 
1 16551:51 661754 15889-97 
49500 
15394:97 657°51 14737-46 653:38 14084-08 
ie Tn 1 2 3 A 


Eleven bands have been analysed: the positions of their origins are set out 
in the Deslandres scheme in Table 1. Perturbations have been found in all the 
upper state vibrational levels from v’ =1 to v'=5. As is shown in Table 1, these 
perturbations displace the positions of some of the origins so that AG’, ,., 
alters irregularly with v’. 
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The wave-numbers of the band-lines are given in Tables 2-6, where overlapped 
lines are indicated with an asterisk. In all the bands in which perturbations have 
been found, two columns for both R and P lines are given, one for each of the 
interacting levels. It will be seen that for many of the perturbations, the com- 
panion-lines have been found for several J values (see also Figure 1). 

Barium has seven isotopes, but of these !8Ba is by far the most abundant 
(71-7%), the next most common being !°7Ba (11-3%). We have made no effort 
to measure lines other than those ascribed to ®8BaO: the plates do, however, 
show weak lines which may well arise from other isotopic molecules. 


Table 2. Wave-numbers of the 0,2, 0,3, and 0,4 Bands 


0,2 0,3 0,4 

J RW) PV) R(J) PU) R(/) P(J) 

0 

1 15394-35* 

D 93-65% 14082-78 

3 15396-53* 92-80* 1473523 81-99 

4 96:53* 91-90* 14739-00* 34-43 14085-67* 80-96. 

5 96:53* 90-86* 39-00* 33-29 85-67% 80-05. 

6 96-53* 89-74* 39-00* 32:23 85-67* 78-91 

7 96-18 88-53% = 31-00 85-67* 77°76. 

8 95-88 87:17* 38°53 29-73 85-30 76°51 

9 95-47 85-70% 38-11 28-30 84-90 75-08. 
10 94-98 84-18* 37-61 26°85 84-40 73-60: 
11 94:35* 82-54% 37-03 25-20 83-78 72:10: 
12 93-65* 80-82* 36-38 23-49 83-24 70°35 
13 92-80* 78-96% 35°57 21-64 82-49 68-60: 
14 91-90* 77-00% 34-73 19-78 81-65 66-71 
15 90-86% 74-95% 33-68 17:78 80-74 64-75 
16 89-74* 72-80* 32-66 15-58 79-68 62-67 
17 88-53* 70:54* 31-42 13-40 78°58 60-52 
18 87-17* 68-20* 30-17 11-13 77-32 58-23 
19 85-70* 65-71* 28-79 08-72 75-98 55:87 
20 84-18% 63-14% 27-32 06-23 74:59 53-44. 
21 82-54* 60-49% 25°75 03-60 73-05 50-90: 
2 80-82* 57-68% 24-10 00-92 71-43 48-23 
18} 78-96* 54-83% 22-26 698-10 69°73 45-52 
24 77-00* 51-86% 20-39 95-20 67-90 42-68. 
25 74-95% 48-78* 18-42 92-22 66-00 39°75 
26 72-80* 45-58* 16°33 89-10 64-00 36°73 
27 70-54% 42-33% 14-15 85-84 61-88 33°56 
28 68-20* 38-92* 11-88 82:56 59-69 30-34 
29 65-71* 35-44% 09-51 79:17 57-38 27-00 
30 63-14* 31-83* 07-06 75-66 54-98 23-59 
31 60-49% 28-13* 04-46 72-09 52-49 20-08. 
32 57-68* 24-36% 01-77 68-34 49-89 16-47 
33 54-83* 20-44* 698-98 64°55 47-23 12-79 
34 51-86% 16-43* 96-10 60-66 44-45 08:98 
35 48-78* 12-35% 93-18 56-64 41-58 05-07 
36 45-58* 08-12* 90-07 52:53 38-60 01-06 
37 42-33* 03-81* 86-89 48-32 35-51 13936-98 
38 38:92*  299-42* 83-60 44-03 32-33 92-78 


39 35-44* 94-88* 80-24 39-63 29:07 88-50» 
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0,2 
RV) P(J) 
15331883" 15290-27* 
PRA STs 852552 
24-36* 80:71* 
20-44* eemehs 
16-43* LOM O25 
12-35" 65-60* 
08-12* 60:39* 
03-81* 905% 
299-42* soak 
94:88* 44-06* 
90:27" 38:42* 
So2a0° 32-66* 
80F71* 26:81* 
Ths 20-96 
TOP 2 14-89 
65:60* 08-71 
60-39% O22 
SOLU 5s 196-13 
Aes) 89-68 
44-06* 83-11 
Sore 76°45 
32-66" 69-70 
26°81* 62°84 
20°77 55°86 
14-69 48-80 
08-51 S159 
02:22 SA3D 
195-84 26:94 
89:34 19-47 
82:78 11-87 
76:10 04-19 
69-32 096-40 
62:43 88-52 
55°45 80°48 
48-35 W239 
41-16 
33-82 
26°38 
18-85 
11-26 
03-50 
095-69 
87:76 
79°70 
7 Wes) 


Table 2 (cont.). 


R(J) 


14676-75 
USA 
69-49 
65-72 
61:81 
57°83 
53°74 
49°58 
45-30 
40-94 


36°45 
31°84 
DTA 
APEESS) 
17-49 
12-52 
07-44 
02-26 
596-98 
91:58 


86:07 
80:49 
74°81 
69-05 
63-14 
aeily 
51:06 
749) 
38°58 
32:18 


25°65 
19-06 
12235: 
05°58 
498-69 
91-69 
84:57 
PYSO 
70:05 
62°65 


arid 
47°58 
39-87 
SZ lel 
24-16 
16:23 
08-11 
SID M 
91-62 
83:18 


0,3 
PU) 


14635-17 
30°54 
25°83 
Zale 
16-15 
11:16 
06-05 
00°85 

595-55 
90-14 


84:65 
79-04 
PSo34: 
67°55 
61:68 
55°67 
49°59 
43°37, 
3709 
30:70 


PING 
75'S 
10°85 
04-04 
497-20 
90:19 
83:07 
HSS 
68-60 
61-18 


yer 
46-14 
38°47 
30°67 
PID TS 
14-84 
06:76 
398-59 
X02) 
81-86 


73°38 
64°75 
56-11 
47-33 
38-41 
29°45 
20:37 
ilo 
01-90 
ZOD 


R(J) 


14025-71 
22:23 
18-68 
15-05 
129 
07-44 
03-49 

13999-45 
Q5esil 
91-03 


86°71 
82°30 
TUS 
73:09 
68-36 
63-47 
58°54 
Ss: 
48-43 
43-20 


S192 
32-48 
26:98 
Zils! 
15-64 
09-84 
03-98 
897-94 
91-86 
85-65 


UPS 
72-98 
66°49 
SII 
go 
46°45 
39°58 
32:60 
Zo 
18-34 


11-08 
03:72 
796-24 
88-70 
81-03 
73°30 
65-44 
By aso) 
AOD 
41-28 


“1135 


0,4 
PU) 


13984-13 
79°65 
75-04 
70:33 
65552 
60°65 
55°70 
50:64 
45-44. 
40:21 


34°86 
29-40 
23°86 
18-17 
12-46 
06-63 
00:71 
894-68 
88°53 
S232 


76-00 
69-57 
63-04 
56-44 
49-75. 
42-91 

36-03 
29-03 
21-94 
14-71 


07-45. 
00-05 
A92ZD9 
85:02 
77°38 
69-62 
61:73 
53-76 
45-66 
S/E50 


29-23 
20°92 
12:48 
03-89 
695-28 
86-68 
77-70: 
68°74 
59°73. 
50:59 
76-2 


RV) 
16552-90* 
52-90* 
52-90* 
52-90* 
52-61 
52°27 
51:76 


Sylleiless 
50:50 
49-72 
48-86 
47°85 
46°73 
45°49 
44-18 
42°71 
41-20 
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0,2 
R(J) P(J) 


Table 2 (cont.) 


R() 
14374-71 
66:10 
57°35 
48°51 
39-62 
30-63 
PHOS 
12-30 
02:97 
293-54: 


83-99 
TE Ss 
64-56 
54-82 
44-89 
34-85 
24-73 
Ie SS 
04-16 
IQR 7/2 


83-21 
72:49 
61-79 
50:93 
39D7/ 
28°94 
17-80 
06:52* 
OMS cis 


0,3 
P(J) 
14282:95 
73°39 
63:71 
53-90 
44-02 
34-06 
23-96 
13-82 
03-50 
193-13 


82:62 
72:07 
61-33 
50:62 
39-66 
28-67 
Weso 
06:52* 
095-13* 


0,4 


RV) 
13733-00 
24-68 
16-24 
07-71 
699-03 
90-31 
81-48 
72:50 
63-50 
54:36 


45-12 
35°78 
26:29 


Table 3. Wave-numbers for the 1,1 and 1,2 Bands 


1,1 
P(J) 
16549-33 
48-41 
47-31 
46-20 
44-89 
43-49 
42-00 


40:36 
38-72 
36°82 
34:99 
32-98 
30°83 
28:60 
26°30 
23279 
21:20 


R(J) 
15891-38* 


O13 Sis 


90:71 
90:39 


89:90 
89°22 
88°51 
87:59 
86°66 
85:60 
84-39 
83-04 
81:70 
80-19 


12 
P(J) 


15885-86 
84:77 
83-49 
82-09 
80-61 


79-01 
Tdie33 
75°54 
73-67 
71°81 
69°57 
67°35 
65:05 
62:62 
60:10 


PY) 
13641:36 
32°03 
22°61 


J 
20 


RV) 
16539°56 
37°78 
35-92 
33-95 
31-92 
29-67 
27-42 
24-96 
22-45 
19-85 


17-10 
14-25 
11-30 
08-22 
05-10 
01-79 
498-41 
94-94 
Shilsghil 
87°58 


83-80 
79°83 
LSS) 
71-62 
67-05 


02-28 
393559 


85:97 
IEE 
(PS 
66:05 
59-49 
52:84 
46°15 
397-13 
32-08 
24:98 


Wend 
10:46 
02:99 
295-44 
87:68 
79°78 
Uilogy 
62-83 
SY 
46-60 
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16467-92 
63-04 
58°56 
5395 
49-25 
44-34 


39-48 
34-42 
29-23 
2395 
18-49 
12:97 
07-24 
01-40 
395-14 
88-36 


80-16 


PU) 
16518°55 
15-78 
12-87 
09-90 
06-80 
03759 
00:27 
496-87 
93°29 
89-65 


85-86 
82-04 
78-00 
73°99 
69-78 
65°53 
61-11 
56°63 
Silo 
47-22 


42-35 
37:42 
32:36 
27NO 
ZO 
16-50 
10-71 


Table 3 (cont.) 


16411:56 
05:51 
399-80 
93-94 


87:99 
81:96 
75°78 
69°54 
O3e12 
56°65 
49-88 


43:30 


36°21 
29-12 


21-76 
13-65 
04:24 


R(Y) 
15878-58 
76:83 
75-08 
73:18 
TN 
69-03 
66:77 
64:41 
61:99 
Sosy 


56279 
54:04 
Syiloie; 
48-21 
ASUS 
41-96 
38-69 
35:26 
31:78 
28:01 


DD 
20:60 
16°66 
12:64 
08:16 


15745 -42 
37-00 


29°50 
22°83 
16-49 
10-10 
03-70 
697-25 
90-62 
83-93 
TV? 
70:22 


63°16 
56:01 
48°75 
41°35 
33°85 
26°16 
18°34 
10°37 
02°29 
593-99 


i52 


15809-03 
04-41 
00-00 

79550 
90:90 
86:23 


81-43 
76°51 
71:48 
66:37 
61-11 
Socal 
50:20 
44°51 
38-39 
31:66 


23°65 


P(J) 
15857-54 
54:79 
SIEOS 
49-04 
45-95 
42°85 
39°64 
36°25 
32°82 
2923 


PENIS: 
21:78 
17-90 
13-93 
09:82 
05-64 
01-32 
796-90 
92-42 
87:79 


83-04 
78-24 
T3e32 
68-25 
63-12 
57:82 
Sits 


672-29 
62°65 
531-93 
46-09 
38-48 
30°93 
23°31 
15°61 
07°81 

SES 


91-92 
83-80 
US 
67:24 
S87 
50-11 
41-40 
32°52 
23°50 
14:37 


1137 


15752-98 
47-10 
41-49 
3579) 


30-00 
24:08 
18-09 
Lo 
05:68 
699-38 
92:86 
86:27 
19°53 
72:56 


65-28 
57°34 
48-11 


1138 
J RV) 
80 16237-98 
81 29-11 
82 19-98 
83 10-54 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 
98 
99 
100 
101 
of = ANG 
1 17713-16% 
2 13-49* 
3 13-49% 
4 13-64* 
5 13-64* 
6 13-49* 
7 13-16* 
8 12-71 
9 12-23 
ce i1-64* 
11 10-89* 
12 10-08* 
13 09-10* 
14 08-00% 
15 06:84* 
16 05-61% 
17 04-13 
18 02:63* 
19 00-98 
20. 699-26% 
21 97-39% 
22. 95-45% 
23 9337 
24 91-15 
25 88-91 
26 86-45* 
27 83-93% 
28 81:29 
29 78-50 
30-75-69 
31 72:69 
32 69-55% 
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Table 3 (cont.) 


ihe de 

PW) RW) P(J) 
15585°54 15505-09 
76-84 495-60 
67-98 85-96 
58-71* 76-09 
49-27 15593-07 66-01 
39-43 80-52 55-65 
29-22 67-98 44-98 
18-48 55-82 33-96 
07-28 43-84 22-53 
495-27 32-03 10-65 
83-11 20:52 398-29 
70-22 09-35 85-20 
498-37 71-66 
87°51 57:67 

76-75 

66-01 

55-23 

44-22 

32:99 

21-44 

09-44 

396-76* 


Table 4. Wave-numbers for the 2,0 and 2,1 Bands 


2,0 2,1 
PV) R(J) P(J) 
17711-64* 

10-89* 

10-08* 17047-91* 

09-10* 47-91* 17043 -30 
08 -00* 47-91* 42-35 
06:84* 47-91* 41-16 
05-61* 47°53 39-87 
04-13* 47-19 38-50 
02-03% 46:71 37°01 
00:98* 46-14 35°41 

699-26* 45°49 33-73 
97-39* 44-53 31:84 
95-45* ‘ 43-79 29°95 
93-23 42°71 27-92 
91°15* 41°59 25°70 
88-75 40:31 23-48 
86:45* 38:96 2011 
83-93* 37°52 18-60 
81-10 35-93 16-03 
78-43 34-28 13-33 
US) 32°45 10°55 
72:52 30°57 07-62 
69-55* 28°53 04-64 
66°26 26-42 01:46 
62-97 24-19 16998-19 
59-43 21-84 94-81 
Sit 19:37. 91-31 
52°17 16-84 87-78 
48-49 14-15 84-06 
44°63 11-33 80-30 
40-60 08-50 76-42 


36-53 05-49 FER T 


15488 -74 
75:05 
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Table 4 (cont.) 


2,0 oa 

J RW) P(J) R(/) P(J) 
33 17666-34 17632-34 17002:36 16968-23 
34 63-16 27-89 16999-16 64-00 
35 59-64 23-46 95-80 59-61 
36 56:12 18-90 92-38 55-12 
37 52-40 14-23 88-80 50-61 
38 48-67 09-44 85-12 45-89 
39 44-80 04°55 81:34 41-11 
40 40-77 599-55 77:44 36-20 
41 36-79 94-44 73°53 31-20 
42 32:39 89-31* 69-30 26-04 
43 17628-28 83-90* 1696528 20:84 
44 23°72 78°31 60-86 15-43 
45 19-13 17572:95* 56-41 16910-17 
46 14-44 67:21* 51-86 04:52 
47 09-64 61-38* 47-17 898-84 
48 04-76 55-46* 42-39 93-07 
49 599-73 49-44* 37°51 87:17 
50 94-61 43-29% 32°55 81:16 
51 89-31* 37-07% 27:38 75:04 
52 83-90* 30:70* 22-14 68-82 
53 78:50 24-15* 16°84 62-46 
54 72:95* 17-58* 11-38 56-04 
55 67-21* 10-83* 05-89 49-49 
56 61-38* 04-04* 00-24 42-88 
57 55-46* 497-09* 894-49 36-07 
58 49-44% 90-01* 88-58 29-21 
59 43-29* 82-91 82-61 22-21 
60 37-07* 75-71 76°50 15-13 
61 30-70* 68-30 70:29 07:92 
62 24-15* 60:78 63:95 00-60 
63 17-58* 53-19 57-47 793-29 
64 10-83* 45-46 50:93 85-62 
65 04-04* 37-61 44-26 77-99 
66 497-09* 29-65 37°51 70:21 
67 90-01* 21-58 30-62 62°34 
68 82-69 13-42 23-60 54-33% 
69 75-23 05-17 16-46 46-23 
70 67-94 396-73 , 09-25 38-02 
Fl 60°37 88-19 01-88 29-67 
72 52:68 79:56 794-38 21:26 
WS 44-85 70-74 86:73 12-69 
74 36-88 61:86 78:97 04-00 
75 : 28-70 52:84 71-05 695-18 
76 20-36 43-66 62:87 86-17 
Wal 11-59 34-24 54-33% 77-04 
78 411-50 02-03 24-62 754-33 45-02 67:66 
79 00-16 391-31 14-66 43-42 34-42 57-89 
80 390-25 78°94 313-30 03-90 33-65 22-33 656:68 47-42 
81 80-95 00-88 291-97 24-53 44-57 35-60 
3D 71-77 289-60 78-40 15-64 33°62 22:33 
83 62°67 79-06 06:75 23-33 
84 53°56 68:82 697-88 13-22 
85 44-30 58°55 88-91 03-18 
86 35:01 48-21 79-86 593-07 
87 25°63 37-77 70-69 82:96 
88 16:10 27:28 61-43 72:69 
89 06-43 16-69 52-03 62:30 
90 296:65 05:96 42-52 
91 86-68 195-09 32-86 


Sy 76°45 
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Table 5. Wave-numbers for the 3,0 and 3,1 Bands 
3,0 541 

ij R(J) P(J) R(J) P(J) 
3 18202-00* 17532-79* 
4 02-00* 31-86* 
5 02-00% 30-70* 
6 01:79 18195-25 29:57* 
7 01°56 93-93 17535-89 28-23* 
8 01-10 92-44 35-47 26-84 
9 00-57 90-94* 35-00 25:27 
10 199-97 89-18* 34-39 23-72 
11 99-18 87-41% 33-63 21-93 
12 98-31 85°53 32-79% 20-09 
13 97-30 83-52 31-86* 18+16 
14 96-20 81-42 30-81* 16-07 
15 94-92 79-19 29-57% 13-88 
16 93-50 76-83 28-23* 11°50 
17 91-88 74-35 26-73 09-11 
18 89-71 18190-94* 71-59 24:71 17525-87 06-48 
19 89-18* 68 -67* 24-06 03-69 

20 87°35* 65-36 18166-71 22-16 00-64 

21 85-38 63°55 20-22 

22 83-32 60-46 18-26 

23 81-18 57°28 16-21 

24 78-89 54-00 14-02 

25 76°48 50-62 11-77 

26 73-99 47-12 09°41 

Dh 71-39 43°56 06-76 

28 68-67% 39-80 04-04 

29 65-81 35-96 01-41 

30 62-88 32-00 498-51 

31 59-79 27-91 95+50* 

a2 56°59 23-71 92-40* 

33 53-29 19-39 89-19* 

34 49-84 14-90 85-88* 

35 46-40 10-39 82-44* 

36 42-78 05-73 78°85* 

37 38-95 00:96 75+23* 

38 35-07 096-04 71°43* 

39 31-07 91-03 67-52* 

40 26-97 85-91 63:50* 

41 22-71 80°67 59+40* 

42 18-33 75°31 55-16* 

43 13-97 69-82 50-82* 

44 09-25 64°22 46:34* 

45 04-53 58-49 41-78* 

46 099-66 52-69 36:88 

47 94-73 46°73 32-12 

48 89-63 40-65 27-18 

4) 84-40 34-43 22-08 

50 79-07 28-13 16-91 

51 73-61 21-68 11-59 

52 67-99 15-10 06-16 

53 62-26 08-42 00:56 

54 56-43 01-58 394-87 

55 50-45 17994-64 89-03 

56 44-30 87°56 83-06 

i 38-01 80-33 76-94 

58 31°56 72-91 70:74 

59 24-98 65°45 64-23 

60 118-20 957-79 357: 

61 049°18 11-22 49-95 ae 

62 39-49 04-00 41-97 43-66 

63 29:31 1799658 17971°71 33°74 369°16 36-49 

64 19-08 88-85* 60-84 25-28* 59-17 28-94 


17501-67 
498 -62* 
95-509 
92-40* 
89-19* 
85-88* 
82-44* 
78 -85* 
USeeoe 
we oe 


O7-52% 
63-50* 
59-40* 
Ale 
50-82* 
46 -34* 
41-78* 
37-18 

32:41 

UD 


22:48 
17-38. 
12-09: 
06°75. 
01:26 
395-70: 
89-97 
84-15 
78°25 
72:16 


65-98 
59-67 
53°26 
46-68 
40-03 
33-23 
26:27 
19-26 
12:07 
04-71 


297-21 
89-60: 
81:70 
73°66 
65-43 
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Table 5 (cont.) 


3,0 3.1 

Je RG) P(J) R(J) P(J) 
65  18008-88 17980-71 17949-42 17916-66* — 17349:14. 17320-99  17289-69 17256-97 
66 17998-94 72°25 37-97 07-69* 39-30 12-70 78-40 48-21 
67 88-85* 63-26 26-60 898-40 29-48 03-90 67°28 39-04 
68 79-23 53-78 15-26 88-71 20:07. 294-59 56-05 29°51 
69 69-87 43-79 04-18 78°52 10-86 84-85 45-18 19-60. 
70 60-68 33:22 = 893-36 67°82 01-85 74:44 34°54 09-13 
71 51-74 22-19 82-64 56-62 293-04 63-64 24:02. 197-97 
72 42°74 10-63 72°25 44-72 84-40 13-86 86°37 
73 33-95 898-83* 62:01* 32-46 75-78 03-80 74-42. 
74 25+28* 51-95 19-83 67-28 193-93 
75 16-49* 41-95* 06-68 57°74 84:16 
76 07-69% 32-02 50-16 74-43 
77 ~—-898-83* 22-01 41-53 64-66 
78 89-86 12-04 32°75 54-92 
79 80-77 01-92 23-96 45-03 

80 71°51 791-72 14-83 34-97 

81 62-01* 81-43 05°56 25-07 
82 52:26 73-14 70°83 196-00 14-82 
83 41:95* 59-63 60-34 85-98 04-49 
84 30-97 46°73 49:27 770-08 093-71 

85 18-89 34°54 37-78 55-59 82°45 

86 05:70 23°01 25-50 41°33 
87 91-72 12-27 12-23 28-01 
88 01:80 697-93 15:34 
89 791-42 82-78 03-30 
90 81-01 691-60 
91 70-98 80-05 
92 60-54 68°55 
93 50-05 57°07 

94 39-52 45-52 

95 28-98 33-94 

96 18-27 22-24 

97 10-47 


Table 6. Wave-numbers for the 4,0 and 5,0 Bands 


4,0 5,0 
J RJ) PJ) RV) PJ) 
2 19173-91* 
3 18688-81* 73-91* 19170-41 
4 88-81% 73-91% 69:50 
5 88-81 73-91* 68-34 
6 = 18682°12 = 67-08 
5 == 80-80 = 65-79 
8 87-92 79-32 72-88 64:34 
9 87:38 77-79 72:31 62:73 
10 86-67 76-09 71-64 61-01 
11 85-93 74:26 70-94 59-20 
12 85-06 72:33 * 69-87 57:28 
13 84-03 70-31 68-89 55:27 
14 82-91 68°16 67-71 53-09 
15 81-59 65-92 66-40 50-76 
16 80-23 63°55 64-99 48-36 
17 78-76 61-05 63°52 45-82 
18 77°14 58-43 61°85 43-16 
19 75-43 55-67 60-08 40-42 
20 73-64* 52°85 58-21 37-54 
21 71-60 49-87 56-22 34-54 
22 69°51 46-74 54:10 31-38 
23 67°31 43-53 51-85 28-16 
24 64-99 40-22 49-48 24-84 


25 62:62* 36°80 47-02 21-30 
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Table 6 (cont.) 


4,0 5,0 

ah RJ) P(J) R(J) P(J) 

26 18660-03 18633-23 19144 -38 19117-70 

27 57-32 29°55 41-65 13-99 

28 54-64 25:76 38:83 10-12 

29 51-58* 21:83 35-87 06-17 

30 48°57 17-69 Viyloe  & 02-02 

31 45-44 13-61 29-52 097-85 

32 42-12 09-33 26-20 93-54 

33 38-73 04-94 22-67 89:01 

34 35:21 00-44 19-00 84-49 

35 31-57 595-78 15-15 79-72 

36 27-82 91-03 11:00 19116:47 74:88 

37 23-89 86-11 06-29 20-80 69:76* 
38 19-89 81-14 00-92* 05-62 64:40 19069-76* 
39 15-77 76-01 094-63 00-92* 58-38 62:81 
40 11:47 70:76 096-38 51-80 56:46 
41 07:05 65:36 91-87 44-25 50-58 
42 02:52 59-84 87:27 44-75 
43 597-88 54-19 82:62 39-01 
44 93-03 48-46 77:80 33-18 
45 88-07 42-49 72:94 27-25 
46 82:93 36°45 67-82 21:23 
47 77°70 30-24 62:81 15-08 
48 72:20 23-91 57:57 08-87 
49 66°51 17-39 52-25 02:48 
50 60:58 10-65 46-74 18996 -03 
51 54-30 18577-71 03-80 41-17 89-48 
Ly 47-98 59-62 496-68 35-48 82:77 
53 41-14 61:50 89-25 18512:51 29-65 75:95 
54 33-85 53-49 81°57 03-20 23-67 69-03 
55 26-09 45-67 73-45 493-84 17-61 61:99 
56 17:86 38-06 64:97 84-62 11-42 54-81 
57 09:05 30:64 55-97 75°57 05-12 47-53 
58 499-94 23-36 46:52 66-70 18998-71 40-10 
59 16-15 36-46 58-09 92:14 32:57 
60 09-03 26-03 49:56 85:49 24:92 
61 01-83 41-14 78-68 17-20 
62 494-65 32°75 18975-95 71:72 09-29 
63 87°45 24:37 65:59 64:00 01:24 
64 80-14 15-99 57-91 53-03 18897-27 893-04 
65 72:76 é 07:53 50:55 85-72 84-05 
66 65°31 399-07* 43-14 76:76 71:96 
67 57-64 90-42 35-65 68°21 

68 50-03 81:72 28-04 59-59 

69 42-16 72:91 20-30 50:89 

70 34:12 63-98 12-43 42-02 

71 26-00 54-94 04-47 33-08 

72 17-52 45-72 896-37 24-00 

73 21-79 08-68 36:34 88-16 14-83 

74 10-03 399-07* 26-68 79°81 05-52 

75 399-07*  —- 88-50 329-70 16-66 71-36 796-09 

76 89-07 76°65 16-72 05:87 62:75 86:53 

77 79-65 04-65 294-05 54:04 76-92 

78 70:48 293-39 80-95 45-24 67:07 

79 61-37 82-76 36°33 57-17 

80 52-24 72:38 27:26 47-13 

81 43-06 62:05 18-06 37-00 

82 33-80 51-73 08-78 26:74 

83 24-45 41-32 799-35 16-37 

84 15-07 30:89 89-81 05-88 

85 05-48 20:33 80:15 695-26 


86 295-79 09-68 70°33 84-45 
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Table 6 (cont.) 
4,0 5,0 
J RW) PU) RV) PU) 
87 18286-05 18198-98 18760-38 18673-58* 
88 76-17 88-09 18750-92 62-58% 
89 66°17 7710 40-34 51-54% 
90 56-06 65:97 30-02 18640-85 
91 45-83 54:80 19-62 29-10 
92 35-46 09-10 17-69 
93 25-02 698-44 06-00 
94 14-45 87-64 594-24 
03-76 76-68 82:38 
96 192-90 65°50 70-42 
97 18182-39 54:14 
98 171-05 
99 159-79 
100 148-60 


§4. DETERMINATION OF ROTATIONAL CONSTANTS 


The rotational energy of a 1X state is often represented rather closely by a 
two-constant expression, 


F(J) =BJ(J +1)— DJJ +1) 


‘The values of these constants are generally derived by treatment of the quantity 
A,F(J), where 


A F(S 
aot) ~48-8DI +3) 
and A,F’(J)=R(J)— PV); A.F’(J) =R(J —1)— PJ +1). 

A common procedure is to plot the graph of A, F(J)/(J + 3) against (J + 4)? and 
then to determine B from the intercept and D from the slope. It is, however, 
sometimes difficult to decide the correct location of the line. The very tedious 
least-squares method or the centre-of-gravity method may then be used. (In the 
latter method the points are divided into two groups each containing the same 
number, and, after taking the centres of gravity of these groups, two points are 
obtained which give the line.) Neither method, unless some weighting of the 
points is made, takes account of variation in accuracy of the values of 
A,F(J)/(J +4) with J. The centre-of-gravity method can, however, be modified 
quite simply so as to include this effect. The error in A, F(J/) is roughly constant 
for all lines of a band, so long as differences involving only unblended lines are 
used; the error in A,F(J)/(J +4) is thus proportional to 1/(/ +4) and each point 
should on this account be given a weight of (J +4)*. This procedure is of course 
only applicable when F(/) is satisfactorily represented by a two-constant expres- 
sion, as the points at high J values make a large contribution to the final result. 

For perturbed levels, other methods of determining the rotational constants 
must be used. Where the perturbation does not occur until moderately large 
J values, accurate values of AB may be obtained from the expression 


R(J — 1) + P(J) = 209 + 2(B’ — B") J. 


‘Then if one of the B values is known, the other can be derived. 
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Alternatively, the methods introduced by Geré (1935) may be used. For 
bands with only P and R branches and in which the perturbations are in the upper 
state, 

R(J — 2) — aoe -— P(J +1) _ B" _B' 46D" —2J{D" —D’). 

If the left-hand side of this expression is plotted against J?, AB is obtained 
as the intercept at J=0. In unperturbed regions, the points lie on a straight 
line which is almost horizontal if D’~ D’. The last two methods are also, of 
course, useful for unperturbed bands, especially the former, which gives not only 
AB but also vp. 

For the v” levels and for v' =0, we examined all the above methods, except 
that of least squares, and obtained for the v” levels results which were in close 
agreement. For v’=0, the agreement was somewhat less satisfactory. For all 
these levels, the mean values of all determinations have been taken as the best 
values (Table 7): the values obtained with the weighted centre-of-gravity methods 
lie close to these mean values, and it seems to us to be the most reliable single 
method where F(J) can be represented with only two constants. We estimate 
the errors in the B” values to be about +0-00005; for By’ the error is about 
+ 0-0001 cm“. 

The constants for the other v’ levels were determined by using the AB methods 
described above. As will be seen from Table 7, the B values vary somewhat 
irregularly with v’: this arises from the fact that in some of these vibrational 
states none of the rotational levels is entirely unperturbed. 


Table 7. Rotational Constants for the 1% and 1%* States 


Uv Bos Bate Bows Bowe 
0 0-3118, 0:3118, 0:2578 0-2578 
1 03104, 0:3104, 0:2564 0:2567 
2 0-3091, 0:3091, 0-2556 0:2556 
3 0:3076, 0:3076, 0:2541 0:2545 
4 0-3062, 0:3062, 0-2532 0-2532 
5) 0-2523 0-2523 
DY PX SMO Di 28a | Oine 


The calculated values are from the expressions 
B,” =0-3124, —0-0013,(v" + 4) — 0-0000,(v” + 4). 
B,’ =0-2584 —0-0011,(v’ + 4). 
With the values of w,” and w,’ given in §6, we obtain, from Kratzer’s relation, 


(D =4B3/w*), DY =27-2 x10-8, D'=27-6 10-8 cm! in satisfactory agreement 
with the experimental values. 


§5. PERTURBATIONS 
(i) Treatment of the Perturbations 


In all, we have found some sixteen perturbations in the upper-state levels, 
v'=1 to v'=5: none has been detected in the lower state or in v’ =0 up to 
J=120. From their appearance, the B values of the perturbing states are always 
less than B’: and in many of the perturbations companion lines are found. An 
example of a large perturbation will be seen in the spectrogram reproduced in 
Figure 1 (c): it is also illustrated in Figure 2, where the deviations of the levels in 
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v’ =3 from the unperturbed positions are plotted against J. It will be noted 
that the perturbation at J =69 is so strong that it influences all the levels at lower 
J values. 

The weaker perturbations have been detected by the method of Geré (1935). 


We have, as before, 
er pag BB 6D! £2(D'— DF 
4J = + ; 


If T/4J is plotted against J, for unperturbed regions a straight line parallel 
to the axis of J is obtained, if the effect of the D term is small. The plots for all 


20 40 os 30s se 
- = 


Ay (cm') 


2 Sete ae 60 80 
Aj 


Figure 2. Perturbations in v’=3: deviations of the rotational levels from their 
‘unperturbed’ positions. 


the bands investigated are given in Figures 3-5. The error in T/4J of course 
increases as J decreases, so that the scatter of the points becomes considerable at 
low J values. 

The theoretical treatment of singlet-singlet interactions has been developed 
by Kovacs (1937). The fundamental point of this treatment is that the mean 
value of the perturbed and perturbing energy levels is everywhere unperturbed. 
In Figure 6 is illustrated the course of the vibrational—electronic energy levels 
in a graph of energy against J(J +1). The lower level is %, and the upper level 
&* is perturbed by a state P. The levels of the unperturbed &* state, W,,,,, 
approximate at low J values to W,, and at high values, after the perturbation, 
to W,. Ifa range of values of both W, and W, is known, the plot of 7/4J against 
J will take the form shown in Figure 7. Theoretical expressions, f, and f, for 
the two branches, which arise from W, and: W, in Figure 6, have been given by 
Kovacs. The ordinate at the intersection is 


By + Bs 
2 


it is moreover equal to the mean value of the ordinates of the two branches at any 
value of J. The J value at the intersection, J*, is related simply to the J value 


BO 
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at which the perturbation culminates, Jy, by Jp ~J* — 
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4. It is also possible to 


determine the separation of the levels J =0 in P and &*, marked C in Figure 6: 


if P is a 4% state, we have 


Cys = —2(v)— Bs) + a{{Pi(J) + Ri — 2) + Pa(J) + Ro —2) i + 1) 


—{P,\J +1) +R (J —1)+ PJ +1) +R + 1jY—-1)], 
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Figure 3. [R(J—2)—R(J— 1)+P(J)— P(J +1)]/4J =T/4J plotted against J 
for the 0,2, 0,3, 0,4, 1,1 and 1,2 bands. 
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where the suffixes 1 and 2 indicate lines from W, and W,. If P is a'II state 
Cus =Css + By = Cy. 


The importance of this method is that it enables the B and C values of the 


perturbing states to be determined without a knowledge of the displacements of 
the levels from their unperturbed positions. 
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Figure 4. 7/4J plotted against J for the 2,0, 2,1 and 4,0 bands. 


It is possible to distinguish between 121 and 1II'> interactions if the 
magnitudes of the displacements and of the separation of the unperturbed levels 
{c and 8) in Figure 6) are known over a range of J values. Then, simply, 
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e(e +59) =|H|?, where || is the perturbing matrix element. For +212 perturb- 
ations, |H| is independent of J: in the +II*2 case it varies with J according to 
H ={2a?J(J + 1)}"?, where 2x? is a constant. « and 6) may be determined as 
follows : 

R,(J — 1)—R.(J — 1) = Py(J + 1) — PJ + 1) =(2e +. 89), 
and 89 =[J(J + 1)-—Jo(Jo + 1)] (Bs. — B,). 
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Figure 5. 7/4J plotted against J for the 3,0, 3,1 and 5,0 bands. 
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Figure 6. The course of the energy levels for a singlet-singlet perturbation. 


Figure 7. The variation of T/4J with J for an interaction between two singlet states. 
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Plots of 7/4J have been given in Figures 3-5. The perturbations revealed 
there have been treated as completely as possible by the methods described 
above. As an example, the results of the study of the perturbation at J = 09 
in v’ =3 are given in Table 8. 


Table 8. The Perturbation at J =69 in v’ =3 


df [Z| x 10? ||? Bs CSS 
TD) : 
3,0 3,1 3-0, son 3,0 Be 307 Sari 
63 4:18 168-4 
64 4:00 3:99 166-4 165-8 0-2225 156-4 
65 3:84 3-83 164-9 164-3 0:2220 0:2223 158-8 157-7 
660 = 3: od 164-2 164-2 02219 0:2219 159-5 159-4 
67 3595 e57 164-5 162-7 0:2224 0-2218 156-7 160-0 
68 3:45 3-44 161-8 161:3 0-2213 0-2220 162-2 158-8 
69 3:36 = 3-35 162-1 161-6 0-2224 0-2226 156-7 156°3 
70) 3244) 3-28 161-2 160-9 0-2222 02218 157-8 160-1 
(ie Se aS 161-9 161-2 0-2215 0-2222 161-1 159-6 
72™ 3-08 3:04 162-0 159-6 0222250971 158-0 159-1 
73. 2-99 161-2 0-2215 161-6 
74 2-82 156-6 0-2218 159-6 


It will be seen that the quantities derived from the two bands are in satis- 
factory agreement. The values of |H|? are sensibly constant, indicating a 
11> perturbation. On the other hand, |H|?/J(J+1) is not constant, as it 
should be for a 1II*® interaction, but decreases monotonously with increasing J. 

The information obtained about all the perturbations is summarized in Table 9, 
and in Figure 8 the positions of the states and of the perturbations are indicated 
in a plot of energy against J(J +1). Inthe diagram, circles indicate the positions 
where the perturbations culminate: the straight lines are drawn with slopes 
equal to the appropriate values of B. It will be seen that most of the perturb- 
ations can be explained as arising from interactions with three states, X, Y and Z. 
‘The three exceptions are the perturbations at J =43-5 in v’ =1, at 97-5 in v’ =4 
and at 88-9 in v’=5. It seems likely (see below) that these perturbations are 
caused by a fourth state, called Q in Table 9. 

The numbering of the vibrational levels of the perturbing states, v, in Table 9, 
follows from the fact that no perturbations have been found in v’=0. We are 
thus able to determine the constants of the perturbing states: for state Y, 


B,,=0-2254 —0-0013,(v+ 4); G, =450-4(v+ 4) —2-9(0 + 4)?; 
for state X, on the basis of somewhat less reliable figures, we obtain 
B,, =0-2236 — 0-0009(v + 4); G,, =462-7(v + 4) —5-4(v + 4). 


The probable error of the B values in Table 9 varies, but is about + 0-0005 cm-!. 

Calculations of perturbing matrix elements similar to those already illustrated 
for the perturbation at J =69 in v’ =3 have beenmade for all the perturbations in 
which extra lines have been found. For the Y perturbations the matrix element is 
everywhere independent of J: for the X and Z perturbations the results are 


less definite, but for both these interactions the matrix elements seem to depend 
on J. ; 


21000 f 


20,000 
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Figure 8. Perturbations in BaO: term values plotted against J(J-+1). 


i: thick continuous lines for the analysed parts; broken lines for the extrapolated regions. 
Perturbing states : thin lines. 


Full circles indicate analysed perturbations: the half filled circle a perturbation analysed in 
R-branch only; open circles, perturbations noticed in R-branch before culmination. 


Table 9. Summary of the Perturbations 


F Perturbing |H|? 

py: + 2 

pee 2 => Pape: state P (approx.) 
1 45-6 -= — Q — — 
1 60°38 02252 17332 Z 0 — 
1 90-1 0-2248 17476°5 vi 0 330 
1 104-5 — — xX 0 
2 44-0 — Waid Z 1 — 
2 SU 2223 17919-, We 1 19 
2 96°; — — xX ae 
3 19-3 — 18213 Z 2 — 
3 69:2 —-0-2220 18359-, Ya 2 163 
3 OO (EAL 18454 xX 2 — 
4 56:1 0-2206 18792-1 W 3 96 
+ 76:2  0:2202 18885 x 3 i 
4 98-0 = == Q oe = 
5 Soro OLZ LS 19222-, Ww 4 5 
5 64:4 0-220 19308 xX 4 — 
5 89-4 — a Q = = 
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(ii) Nature of the Perturbing States 


We consider first the X, Y and Z states. Their most notable feature is that 
they all have similar B and w values. This suggests that they may perhaps be 
the three components of a *II state. The splittings at J =0, however, are found 
to be about 94 and 146cm™! respectively, which makes this idea less attractive. 
Before rejecting it, however, we must consider the consequences of *I1*2 inter- 
actions a little further. If they are present, the splitting must be large, indicating 
Hund’s case (a). The perturbing matrix elements in this case are of the form: 


H(M,1Z)=0,  H@M,*2)=n{JVF +1)", — APH '%) =26, 


where 7 and € are constants. 

As the matrix elements for the Y state are independent of J, the Y state should, 
on the present assumption, be the ?II, component, the X state the *I1, component. 
The interaction 3II,1Z is zero, however, in case (a), so that the Z state cannot be 
3I1,. For 3II'2 interactions the simple expressions given above for singlet— 
singlet perturbations must be modified. Small correction terms must be added 
to obtain the real B values of the *II state (here taken as defined by Budo (1935)). 
The correction for #II'S is very small but is appreciable for ?II,1%. Unfortunately 
these corrections are such as to make the corrected B values diverge. Thus for 
v’ =3 the By value is 0-2220 but with the correction 0-2229, while the Bx value is 
0-2215 (here the correction is negligible). ‘Thus the supposition that the Y and 
X states are *II components does not seem convincing. A further argument 
against this assumption is as follows: for higher J values the matrix elements 
will alter somewhat, as Hund’s coupling case (a) is fulfilled only when 4/B,,, >J 
(here A is of order 100), and will approach expressions for coupling intermediate 
between (a)and(b). ‘This meansthat H(?I1, 12%) 0 at high values, and we should 
expect another set of perturbations. We have not been able to find them. 

The possibility is also raised that we have Y as °II, and Z as II, in an inverted 
3]I state. It is hardly fruitful to discuss this in detail, as we have so little infor- 
mation about the Z state: moreover it will be seen below that Z can be explained 
plausibly as belonging to a 3X" state. 

The other two perturbing states Z and Q may be the components °2,,, and 
3D 7_, respectively of a2” state. Perturbations between !'Z* and 3D states have 
been treated by Budo and Kovacs (1938-39). Unfortunately we know rather 
little about the constants of the Z and Q states. We have been able to determine 
only one B value and the J* value for six perturbations. It is nevertheless possible 
to make rough calculations even with these data. ‘Thus the true Bs value is 
equal to the observed value, 0):2252, divided by (1+J~): also the C values must 
be corrected by adding +(B;;J). Using the expressions for B,=B,—a.v 
and for the rotational energy, By; (J +1)(J +2) and B,s (J —1).J, together with the 
ordinary vibrational expression w,(v+4)—x,w,(v + 4)? we obtain, using the data 
of Table 9, 

B,, =0-2233 — 0-0016,(v + 3), 


T+ G(v + $) = 17094 + 448-4(oF 4) —(v + 4)2. 


‘The assumption of a perturbing *% state requires, however, *X,_,1% inter- 
actions also at about J =32 inv’ =2, and at J =10 inv’ =3. That the first onc has 
not been discovered may be the result of an unusually small matrix element (it is 
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composed of two terms of opposite signs), while the latter would be extremely 
difficult to discover at such a low J value. 

We reach then the following tentative conclusions about the perturbing 
states. The Y state is probably 'X, and X is probably #I]. The Z and Q states 
may be two components of a 3X state. These are, however, only tentative 
conclusions, and it seems to us not quite impossible that the X and Y states are 
sub-states of a ?II state.* This would fit well with the fact that a 31 state, like- 
wise a ®X” state, is expected to arise from the ground-state atomic combination 


Ba(S) + O(8P). 


36. DETERMINATION OF VIBRATIONAL CONSTANTS 


The Deslandres scheme of band-origins has been given in Table 1. The 
lower-state intervals vary linearly with v, and the expression 


G," =669-8,(0 + 4) —2-05,(v +4)? 


represents the observed levels very closely. 

There is, however, no such regular variation for the upper-state levels. It is 
probable that some of this irregularity arises from the effects of the strong Y 
perturbations. We have accordingly calculated these effects, using the approxi- 
mate values of the perturbing matrix elements given in Table 9. The results 
are shown in Table 10. It will be seen that the ‘corrected’ values of AG‘, ,,, do 
indeed vary more smoothly with v than do the original values, but there are still 
irregularities which are considerably greater than the experimental error. These 
doubtless arise from other perturbations which we are unable to treat quantitatively. 
However, rough values for the vibrational constants of the ‘unperturbed’ upper 
state may be derived from these corrected values of AG’: we obtain 


G/ =499-.(u + $) — 1-6,(v + 3). 
Using these figures, and with vp 9=16722-2,, we find v,=16812-,cm™. 


Table 10 
Mee AG», »+1 Effect of Y perturb- AG), »+1 
ga observed ations at J=0 corrected 
v =0 0:00 

0,1 494-99 496:37 
1 +1:28 

iL 95-01 93°83 
2 +0:10 

23 88-41 89-36 
3 +1:05 

3,4 86:97 86°85 
4 +0:93 

4,5 85-01 83-18 
5 +0:10 


* Note added in proof. An investigation of the effect of one perturbation on another (Kovacs 
and Lagerqvist, Ark. Fys., 1950, 2) supports the view that the X and Y states are sub-states of a 
3TJ_ state. 
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§7. DISCUSSION AND COMPARISON OF BaO WITH Tee ials: 
OTHER ALKALINE EARTH OXIDES 


The results of the present work are summarized in Table 11. The lower 


Table 11. Summary of Constants for BaO 


State Vo,0 We Rosaiys 13% Oe D Te x 108 em: 

(CE) A775 0 2:9 00-2254 0-0013; — 2-284 
D> llO7 22-55 00 1-6; 0:2584> 0-0011," 92:8 10—* DeAgy3 
1D 0 669°8, 2:05, 0:3124, 0:0013,* 2:6;x107’ 1-940 


*_(-0000.(v-+4)2 


1y) state is probably the ground state of BaO, for the 1£*—1d system is known to 
be emitted quite strongly by relatively low-temperature flames. _ It is also probable 
that both are 15+ states, for there are few electron configurations which can give 
rise to 1 states in this molecule. It is, however, difficult to correlate these, and 
the perturbing states, with the atomic states of Ba and O because so little is known 
about their energies of dissociation. By a very long Birge—Sponer extrapolation, 
Dy" =6-7eVv., but the error in this value may well amount to some electron volts. 
For the heat of formation of BaO in its ground state from ground-state atoms, 
there are at least two values. Huldt (1948) has calculated this quantity from 
measurements of the concentration of Ba atoms in an acetylene-oxygen flame 
fed with a dilute solution of BaCl,: his result is 5-;ev. The second value comes 
from thermochemical data. The standard heat of formation of BaO, is — 134 kcal. 
(Bichowski and Rossini 1936): then using the heat of formation of O from $Q,, 
58-6kcal., the heat of sublimation of Ba (Rudberg and Lempert 1935), 41 kcal., 
and the heat of sublimation of BaO (Blewett, Liebhafsky and Hennelly 1939), 
88 kcal., and, neglecting small effects arising from temperature differences between 
these measurements, the heat of formation of BaO, from Ba(S,)+O(3P) is 
(— 134+88-—41—59) = —146kcal. or 6:3ev. In this cycle, the value known 
with least certainty appears to be the heat of sublimation of BaO. Earlier 
measurements of this quantity by Herrmann (1937) gave the much higher value 
—119kcal., which leads to —115kcal. or 5-Oev. for the heat of formation of 
BaO,. However, Herrmann’s work is criticized by Blewett, Liebhafsky and 
Hennelly, and, if their criticisms are valid, the thermochemical result must be 
taken to be 6:3ev. We take the mean of this and of Huldt’s value, 5-9 + 0-4 ev. 
Now, it has been concluded that the lower '% state is probably the ground state: 
further, unless it is really case (c), (2=0—and there is no evidence for this—it 
cannot be formed from the ground-state atoms, the lowest states from which it 
could be formed being Ba(?D)+O(?P), Ba(?P)+O(P) and Ba?S)+O(D) with 
atomic excitation energies of 1-2, 1-6 and 2-Nev. respectively. It seems rather 
unlikely that D,” is greater than 6-7 ev., so that the only dissociation products com- 
patible with the present value of the heat of formation seem to be Ba(?D) + O(2P). 

Finally, it is of some interest to compare the data for 15 of BaO with the lowest 
*X states of the other alkaline earth oxides. The force constants and inter- 
nuclear distances are given in Table 12. 

The most striking feature of this table is the unexpected way in which the 
force constants vary in going from BeO to BaO. The trend is unlike that found 
for the ground states of any other group of oxides, where there is always a mono- 
tonic decrease in k,.” from the lightest to the heaviest member. This irregularity 
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does not appear to be characteristic of this group of metals, for the fluorides, 
chlorides and hydrides behave quite normally in this respect. Thus we are led 
to suggest—as the simplest explanation—that some at least of these states may not 
be the ground states. It may be recalled here that the complex ultra-violet 


Table 12. Force Constants and Internuclear Distances for the lowest States 
of the Alkaline Earth Oxides 


k.” (dynes/cm.) Teo (cms) Reference 

BeOw 75210 WES SISOS Lagerqvist and Westé6 (1945) 
MgO 3:46 175 Lagerqvist and Uhler (1949) 
CaO 3:61 175 Lagerqvist and Hultin (1950) 
SrO 3-40 1-92 Almkvist and Lagerqvist (1949) 
BaO 3-79 1:94 


bands attributed to MgO have been observed in absorption at high temperatures 
(Barrow and Crawford 1945), and it may prove that the lower state of these bands 
is the ground state of MgO, but they have not yet been analysed. So far as is 
known this is the only observation on the absorption spectra of these molecules 
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Band-Spectrum of ZrO 
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Imperial College, London 


Communicated by R. W. B. Pearse; MS. received 9th February 1950 


ABSTRACT. The spectrum of ZrO has been photographed in the ultra-violet, the 
visible and the infra-red, from arcs running under special conditions. This has made 
possible the identification of three new systems in the ultra-violet, as well as two less 
conspicuous ones in the infra-red. It has also made it possible to extend the blue system of 
LO} 


Sel IND RO DUCTION 

OMPOUNDS of titanium and zirconium have special importance in 
( astrophysics. ‘The oxides TiO and ZrO have for long been known to 
exist in the atmospheres of ‘Late Type Stars’. While the former 
predominates in Class M stars, the latter causes extensive absorption in 5S type 
stars. Merrill (1922) was the first to identify the bands of ZrO in stars, and the 
first to distinguish the two classes M and S separately. After the classification of 
the M and S stars had been completed King (1924), using an electric furnace for 
vaporizing and exciting TiO and ZrO in the laboratory, showed that S type stars 
had aslightly greater temperature than the corresponding Mtypestars. Richardson 
(1939), using Saha’s ‘equation of dissociative equilibrium’, attacked the 
same problem from a theoretical angle, and concluded that though the temperature 
of S type stars was not different from that of M type stars, the former definitely hada 
denser atmosphere. Later Bobrovnikoff (see ZrO in Class M stars) established the 
existence of absorption in ZrO bands in M type stars, the corresponding TiO 
bands being already known to exist in S type stars. He therefore concluded 
that the chief distinction between M and S stars perhaps lay in the relative 

abundance of the two elements in their stellar atmospheres. 

On the laboratory side of the work onthe ZrO molecule, the most comprehensive 
contribution is that from Lowater (1932). Three conspicuous triplet systems 
were identified in the blue, yellow and red by Miss Lowater. It was shown that 
the lower II state was the final state in all the three systems. ‘The systems were 
termed a, 6 and y respectively, and the vibrational constants evaluated. Later, 
Lowater (1931) studied the rotational structure of the (0, 0), (1, 0) and (0, 1) bands 
of system «, and derived the rotational constants in both the states of this system. 
Rotational constants of the states in system y were determined by Tanaka and 
Horie (1941) by their analysis of the (0,0) and (1,1) bands. The transitions 
responsible for the systems «, B and y were supposed to be c3II—x°Il, 
B°L?—>x3I1, and a®X—+x3II respectively. The molecular constants thus 
determined for these states are presented below. 


Multiplet 
Levels Vo,0 nee ne We We@e Se Qe 
x1] 0 292-1, 313-4 937-20 3°35 0-6189 0-0045 
Aed 16048 -4 0-0, 0-0 856-97 SO857/ 0-5658 0:0077 
Bed ? 17483°5 44-9, 36-7 846-28 3-41 = = 


coil 21599-5 304-4, 397-3 820-58 Ses 0:5333 0-0123 


PROC. PHYS. SOC. VOL. 63, PT. IO—A (M. AFAF) 
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Johnson (1932) also photographed the ZrO bands in the visible and the infra-red, 
and confirmed the above analysis. 

Meggers and Kiess (1932) have further reported a group of complex bands of 
ZrO in the region AA9500-9300. However, they have not offered an analysis of 
these bands. Many conspicuous and strong bands of ZrO in the visible region also 
remain unclassified. 

Further, there have been doubts about the nature of the ground state of TiO 
and ZrO. ‘The spectrum of 'TiO was analysed before that of ZrO, and one singlet 
and three triplet systems have so far been established for this molecule. Assuming 
an analogy between TiO and Ca, Lowater (1929) postulated that the ground state of 
TiO should be '® like the 'S ground state of Ca, and consequently she adopted a 
‘IT +X transition for the yellow system f of TiO. Miss Lowater could however 
establish only three triplet systems for ZrO, with a common final level x3II, and so 
refrained from commenting on the nature of the ground state of ZrO. Quite 
recently, however, Herbig (1949), after studying the rotational structure in the 
43682 band of ZrO, postulated that this band was the (0, 0) band of a!XZ —!X system, 
and raised the same doubts whether !& or the xIT was the ground state of ZrO. 


§2. EXPERIMENTAL DETAILS 


Apart from the electric furnace used by King (1924) to vaporize and excite TiO 
and ZrO, it appears that the only sources of the spectra of these molecules so far 
employed have been ordinary low voltage arcs in air. Lowater (1932) used an 
arc in air with iron or copper poles, on the lower of which was placed ZrO, or some 
other compound of zirconium. ‘The chief disadvantage of this source was the 
appearance of strong atomic lines due to Zr and the pole material, making the 
identification of weaker band heads extremely difficult. Different kinds of arcs 
used by the author are described below. 


ZrO, arc. Copper electrodes were used. ‘The upper was rather thick (diameter 
0-5in.) and flat at the bottom in order to facilitate rapid conduction of heat along 
itslength. The lower electrode was also of copper, shaped at the upper end into a 
cylindrical cup of extremely thin walls (<0-01in.) of about tin. diameter and 
about in. deep. The base of this cylindrical cup was also very thin and separated 
from the main electrode, except for a wire of about 1mm. diameter about 1 cm. 
long. This cylindrical cup at the top of the electrode (henceforth referred to as 
the anode cup) was filled tightly with zirconium oxide powder. Current was 
drawn from the 220-volt D.c. mains. As soon as the arc was struck the anode cup 
became red hot, and the thin copper walls of the anode cup vaporized leaving a hot 
bead of zirconium oxide on the wire. Finally the arc was maintained between this 
hot zirconium oxide bead and the thick upper electrode of copper, the arc gap 
being of the order of 2-3cm. This gave the strongest source of ZrO bands. ‘The 
band spectrum of ZrO was very strong even in the central region of the arc, but 
Zr lines developed with considerable intensity though the spectrum of the electrode 
material was entirely eliminated (see Plate, III). 

ZrF, arc. his arc was used often as it yielded very good results. ‘The upper 
electrode was similar to that mentioned already, and the lower one was also similar 
in general features, but the walls of the anode cup were quite thick, about 1-1-2 mm. 
The anode cup was filled with ZrF,, which contained some KF and water of 
hydration. Starting with low currents, K and H,O are the first to vaporize; 


1158 M. Afaf 


the current is then increased until ZrF, melts in the cup, and vapours of ZrF, 
begin to rise above the anode cup. This ZrF, arc was steady. It appears that 
under these conditions the temperature of the anode cup is only sufficient to melt 
ZrF, and allow ZrF, vapour to rise slowly without rapid oxidization, but this on its 
journey upward is slowly oxidized. This is supported by the fact that bands of 
ZrF appear only in the region of the central arc just above the anode cup, whereas 
bands of ZrO in this region are relatively weak, though the atomic spectrum of Zr 
is very strong. However, just below the cathode the best excitation conditions are 
reached, and the atomic spectrum of Zr becomes very weak and the bands of ZrO 
appear conspicuously. This region was photographed for ZrO bands in the 
ultra-violet (Plate, I). 

If the current is increased slightly at this stage, the steady condition of the arc 
undergoes sudden change. The temperature in the anode cup rises, and the 
sudden oxidization sets in within the anode cup, resulting in further heating of the 
anode cup and vaporizing of the oxidized ZrF,. The spectral features are about 
the same throughout the arc which is in the shape of a cylindrical beam of incandes- 
cent vapour. The atomic spectra of zirconium and copper become extremely 
weak, and the bands of ZrO become very strong. However, an unidentified 
continuum extending from A2960 to A4300 develops with sufficient intensity to 
make this source useless for photographing bands in the ultra-violet (Plate, II). 


Zirconium Arc in Moist Hydrogen. ‘This is by far the best source of the ZrO 
spectrum, though the high price of metallic zirconium makes wide use of this source 
uneconomical. ‘The electrodes are of the same type as used inthe ZrF, arc. The 
anode cup is filled with powered zirconium, and the arc is struck in an atmosphere 
of hydrogen at atmospheric pressure, in a vacuum jacket cooled from outside by 
immersing it in water. A few drops of water are left inside the jacket to make the 
hydrogen sufficiently moist. The two electrodes are kept close together, the arc gap 
being of the order of a few millimetres. However, when the temperature of the 
anode cup has risen sufficiently, moisture attacks the zirconium suddenly, and 
yellow coloured flames shoot out horizontally from the anode cup, showing the 
purest spectrum of ZrO obtained so far. 

Using these arcs the spectrum of ZrO was photographed from A2560 to A9000 
on various spectrographs. For ultra-violet photography a Hilger E1 quartz 
spectrograph, and a ten-foot grating in the second order were used. For the 
visible region, photographs were obtained both on a ten-foot grating and a large 
glass Littrow spectrograph. The infra-red spectrum of ZrO was photographed 
on aten-foot grating. ‘The spectrum of ZrO in the region A3500 to A3800 was also 


photographed in the second order of a twenty-foot grating with 30,000 lines per 
inch. 


§3. OBSERVATIONAL DATA 


‘The observed data are recorded in Table 1. The dispersion of the spectro- 
grams which were used for measurements generally ranged from 2-8 a/mm. to 
76a/mm. ‘The definition of the spectrograms was very good, and with few 
exceptions, the records of band heads presented here relate to features, which by 
one method or the other have been proved by the author to be band heads of ZrO. 
Doubtful band heads have been neglected, and in the infra-red where the weakness 
and the complex nature of the spectrum makes the identity of band heads doubtful, 
the author’s opinion has been expressed in column (6). In this column too, the 
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wavelengths of the same band heads, if measured by any other author have been 
given for comparison. ‘These data have chiefly been quoted from the records 
published by Lowater (1932). A point of interest here is the wavelength of twelve 
band heads in the ultra-violet which Miss Lowater mentions: Of these twelve 
bands only five agree with those measured by the author, and the remaining seven 
appear to be spurious ; some of them can be identified with the edges of the weak 
atomic lines, which appear on the spectrograms prepared by the author. The 
identification of these lines has not been possible, as it appears that they have not 
been included in Harrison’s Wavelength Tables, and have also been ignored by 
other workers due to their extremely low intensity. 

It also appears that the group of bands in the infra-red recorded by Meggers 
and Kiess (1932) belong to the same system as the group of bands observed by the 
author in the region AA9000—8600, and consequently data for these ZrO bands from 
Meggers and Kiess (1932) have been included in the present Table. 

In the Table, wavelengths, intensities and wave-numbers of the band heads are 
given in columns (1), (2) and(3). The analysis of these bands suggested by the 
author is given in column (4), while column (5) shows the deviation of the observed 
wave-number of the band head from that calculated from the equation relating the 
band heads of the system. 


Table 1 
Data of ZrO Band Heads Degrading towards Longer Wavelength 


(1) (2) (3) (4) (5) (6) 


air Uf vac Classification (O-C) Remarks 
2940-9 1 53993-7/ (0, 0) Ra 
2950-0 1 33888 -4 ¢ (0, 0) Rp 
2967°8 1 33685-2 ¢ (0, 0) Re 
3023-8 0 33061-4 $ (0, 1) Ra 
3033-5 0 329557 ¢ (0, 1) Rp 
3052:4 0 SPI DLP (0, 1) Re 
3110-9 0 SAB Dei f (0, 2) Ra 
3121-0 0 32031°8 (0, 2) Rp 
3390-05 1 29489-7 A (4, 1) 0:8 
3407-89 0 293353 A (5, 2) —1-0 
3425-92 0 29180-9 A (6, 3) —2-9 
3468-90 1 28819-4 A (2, 0) 0-6 
3472-39 3 28790°5 6 (0, 0) Ra 3472-434 
3473-62 1 28780°3 5 (0, 0) Qa 
3486-71 2 28672-2 IN (By 1D) 0:5 
3491-80 3 28630-4 6 (0, 0) Rp 3491-84* 
3493-06 1 28620-1 6 (0, 0) Qp 
3504-22 1 28528°9 A (4, 2) 2°8 
3506-30 3 28512-0 6 (0, 0) Re 3506-22* 
3507-56 1 28501°7 6 (0, 0) Q, 
3571-96 8 27987°9 A (1, 0) —0-1 
3589-87 6 27848 °3 A (2, 1) 0-1 3589-81* 
3607-61 1 27711:4 A (3, 2) 1:6 
3682-07 10 27151-0 A (0, 0) 0-0 3682:-43* 
3700-11 2 27018 -6 PN (Ey BY) 0-1 
3754-72 1 26625-6 A (4, 4) —0:°5 
3/72°9 2 0 26497°4 A (5, 5) = 
3791-6! 0 26366°7 A (6, 6) = 
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(1) (2) (3) (4) (5) 

air I vac Classification (O-C) 
3818-32 4 26182:-2 A (0, 1) —0-1 
3836°38 1 26059-0 AL) 0:9 
3854-18 0 25938°5 A (2, 3) 2:9 
3981-45 3 25109-4 A (1, 3) 1:8 
4000-72 0 24988 -4 A (2, 4) —3:3 
4195-80 0 23826°8 a (4,1) Re 
4217-0 0 23706-9 « (5, 2) Ry 
4218-98 0 23695-7 3 (Ds D) Re 
4267? 0 23429:°1 a (7, 4) Re 
4292-88 1 23287-9 ji 
4313-30 1 23177°6 a (2, 0) Ry 
4315-57 1 23165°4 4, (AA, )) 18k. 
4337-46 1 23048:°5 (35, lL) Rp 
4339-66 il 23036:9 a (3, 1) Re 
4358:25 1 22938:-6 
4361-96 0 22919°1 a (4, 2) Rp 
4364-26 1 22907-0 a (4, 2) Re 
4368-05 1 22887-1 
4368-90 0 22882:7 
4386-80 0) 227893 @ (Gy S)) Is 
4389-10 0 227773 Oh (Ose S)) MERE 
4452-17 0) 22454:7 a (1,0) Ra 
4460-34 2 22413-6 
4469-36 3 22368 °4 a (1, 0) Ry 
4471:45 3 22357-9 on GRO): 
4493-76 5 22246:9 a (2,1) Rp 
4496-20 3 22234°-8 OH(Z 1) Ie 
4519-07 0 22122-2 1. (8. BY RY 
4521-12 0 22112°3 CHG, Aye 
4619-72 8 21640°3 a (0,0) Ra 
4637-70 10 21556-4 « (0, 0) Rp 
4640-43 10 21543:7 a (0, 0) Re 
4644-70 0 21524:-0 @H (GL 1) 18s 
4662-70 0 21439°8 cE, 
4665-68 1 214271 eri, IDR 
4692-01 0 21306:9 c(2a2) aR 
4736:91 6 21105:0 
4769-40 2 20961:2 
4826°55 1 20713-0 «(0,1)R, isotope “Zr 160 
4827-45 3 20709:1 (oA (1) IRs 
4846-39 1 20628 -2 a (0, 1) Ry isotope *Zr 16O 
4847-10 4 20625:2 a (0,1) Rp 
4849-96 + 20613:0 a (0,1) Rg 
4873-74 2 20512:7 a (1, 2) Rp 
4875-96 2 20503°1 CHC, A) Ie 
4899-60 1 20404-2 (2, 33) IRs 
4902-36 1 20392-7 (OA, 3) Ie 
4926-00 0 20294°8 a (3, 4) Ry ’ 
4929-03 0 20282:4 a (3, 4) Ry 
4996:28 2 20009 °3 
5022-95 1 19902:9 
5052-79 1 19785-6 « (0, 2) Ra 
5073-94 1 19703°1 a (0, 2) Ry 
5077-60 1 19688 °9 a (0, 2) R, 


(6) 


Remarks 


4195-81 


4313-32* 


4337-55* 
4340-18* 


4361-95* 
4364°33" 
4368 -16* 


4452-21* 
4460-39* 
4469-38* 
4471 -53* 
4493-79* 
4496-26* 
4519-26* 
4521-26* 
4619-82* 
4637-79* 
4640-56* 
4644-68* 
4663-17+ 
4665-27 


4736-90* 
4709)-35" 
4827-385 
4827-59* 


SA Oe 
4849172" 
4873-035 
4870-12* 
4899 -76* 
4902-47* 


5052-91 
5073-96+ 
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Table 1 (cont.) 


(1) (2) (3) (4) (5) (6) 
air If vac Classification (O-C) Remarks 
8178-76 2 12223-4 spurious 
8185-39 aa 12213°5 spurious 
8192-36 10 12203-2 
8460°25 1 11816-7 violet degrad. 
8519-07 2 11735-2 ' violet degrad. 
8525-15 2 11726-8 violet degrad. 
8574-02 1 11659-9 
8597-38 2 11628-1 
8684-58 2 11511-4 violet degrad. 
8695-23 3 11497-1 Oral) 
8709-3 3 11478-8 (2, 1h) tp 
S723 3 11463-0 2s Dye 
8734-0 2 11446-4 (2, 1) 
8744-10 2 11433-1 le @Qaet\re 
8769-19 2 11400-4 Te2)a 
8784-5 1 11380-6 1(Gre2)ib 
8815-0 1 11343-8 spurious 
8813-0 1 11341-2 spurious 
8820-41 2 11334-2 1(3,2)e 
8822-32 2 11331-8 
8825-09 1 11328-2 
8852-43 2 11293-2 
8857-50 22 11286-8 I (4, 3) b 
8867-45 1 11274-4 
8868-99 1 1172-2 I(G253)¥e 
8881-23 2 11256-6 I (4, 3) d 
8882-67 2) 11254°8 
8892-37 2 11242°5 I (4, 3)e 
8917-12 1 11211:3 
8945-31 1 11176-0 violet degrad. 
8950-34 2 11169-7 violet degrad. 
8965-51 1 11150°8 violet degrad. 
* Bands reported by Lowater (1932). + Bands reported by Johnson (1932). 
Band Heads of ZrO (as given by Meggers and Kiess (1932)) 
(1) (2) (3) (4) (5) (6) 
9299-56 5 10750-25 1 (0, 0) a 
9315-87 5 10731-43 1 (0, 0) b 
9329-93 5 10715-26 1 (0, 0)c 
9343-19 4 10700-05 1 (0,0) d 
9356-12 3 10685 -36 I (0, O)e 
9358-33 1 10682 -74 
9360-34 3 10680-45 
9370-74 3 10668 :59 Ge ya 
9387-26 2 10649-82 (Gey 19) 165 
9397-21 2 10638-54 
9401-04 2 10634-15 Ie Wye 
9402-84 2 10632-17 
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(1) (3) (4) (5) (6) 


— 
i) 
Sy 


9408-92 il 1062530 
9412-03 2 10621-79 (ils 1) 
9413-715 2 10599°58 ICE Ye 
9438-24 1 10592:29 
9443-92 1 10585:91 1 (2, 2)a 
0459259 1 OSS: 
9476:65 1 10549 36 Th Oy2)ic 
433259 DB 10541-69 


§4. CLASSIFICATION AND ANALYSIS 


The bands of ZrO in the ultra-violet have been classified into three systems by 
the author, the one to the shortest wavelength side being termed ¢, the next 6 and 
the last A. The conspicuous bands in the visible region have already been classified 
by Lowater (1932), and the chief contribution of the author lies in remeasuring the 
bands of ZrO under better conditions, and recording band heads notso far reported. 
It has thus been possible to fill the gaps in the Deslandres Table of system «, 
for which several more band heads have been recorded. A headless band structure 
of ZrO has been observed in the region AA7900—7600, but the band lines have not 
been measured. A band head of ZrO at A8192 has been recorded and is considered 
by the author to belong to the (0,0) band of a new system. Another new system 
‘I’ of ZrO in the region AA9500-8600 has been established and a tentative analysis 
offered. ‘The group of band heads measured by Meggers and Kiess (1932) forms 
the main part of system ‘I’. 

A brief description and discussion on these systems follows. 


(i) System ¢, 3121-2940 a. 


‘This system is very weak, lying some distance from the rest of ZrO bands. Of 
the eight bands discovered for this system, only three at 42940-9, A2950-0 and 
\2967-8 have any appreciable intensity, the rest being very weak. The first three 
appear to be the three R heads of the (0, 0) band of the system, the next three of the 
(0, 1) and the last two, which are extremely faint, belong to (0, 2) band of the system. 
The vibrational differences A” (v’+4) agree with those in systems «, f and y, 
which shows that the lower level of system ¢ is x II. 


Band heads (0, 0) A’1/2 (0, 1) INSP) (0, 2) 
Ra 33993°7 932-3 33061 -4 925-7 SPN SOF 
Rp 33888 °4 932-7 329557 923-9 32031-8 
Re 33685 :2 932-9 SZ ae — — 


Since only R heads have been observed in this system, the upper state of system 
¢ should be of the same type as x*II, the final level. The upper level of this system 
should therefore be a II state and has been termed E°II. Since no bands have 
been recorded except from the v =0 level of £311 state, the vibrational constants in 
the E°II state cannot be determined. Since R,—R,=105-3 and R,— Re=2033 
cm™ and the multiplet separations x31, — x3II)=292-1, and x3II, — SIL, =913:4 
cm™ in the lower x°II state, those in the upper E°II state could either be 
E*T, — E°1T) = 186-8 cm-4(292-1—105-3) or 495-4em-? (292-14 203-3) and 
ET, —E°1T, = 110-1 em (313-4—203-3) or 418-7em- (313-44 105-3). In the 
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view of the author the smaller multiplet separations of 186-8 and 110-1cm™ 
are more probable and have been adopted. The three rII states are therefore 


supposed to be 33,993-7, 34,180-5 and 34,290-6cm~! above the x*II, ground state 
of ZrO. ; 


(11) System 5, 3508-3472 a. 

‘This is another triplet system of ZrO, which, though quite weak compared with 
the triplet systems «, 8 and y in the visible, is several times stronger than the 
triplet system ¢ already described. Only six heads have been observed, and all 
appear to belong to the (0,0) band. There are three sharp and strong heads of 
about the same intensity at irregular intervals, and displaced by about 10 cm~ from 
these on the longer wavelength side are weaker and diffuse heads. The former 


appear to be three R heads and the latter three Q heads. The analysis is as 
follows :— 


8412239 (3) 28790°5 (0, 0) Ra 3493-06 (1) 28620-1 (0, 0) Qy. 
3473-62 (1) 28780°3 (0, 0) Qa 3506-30 (3) 28512-0 (0, 0) Ry 
3491-80 (3) 28630°4 (0, 0) Ry 3507°56 (4) 28501°7 (0, 0) Q. 


The bands in the singlet system 8 of TiO, supposed to arise from a I] —12 
transition, are somewhat similar, for there are four similar double band heads 
(R and Q heads). Since the bands of the system f of TiO have been designated 
(0,0), (1, 1), (2, 2) and (3, 3), 1.e. the bands have been supposed to lie in a sequence, 
one is apt to suppose that the same is the case with the three double headed bands of 
system 6 of ZrO, and that they belong to (0,0), (1, 1) and (2, 2) bands of a singlet 
system. This analogy is quite superficial, for whereas in system f of TiO the 
intensity falls regularly from the (0,0) to the (3,3) band, the intensity in 
the three double-headed bands of system 6 is about the same. Nevertheless, 
if it is supposed that system 6 does arise from singlet levels, one has to accept 
that either the upper or the final level of system 6 will be the same as one of 
those giving rise to singlet system A (to be mentioned later). If the final level is 
common between system 6 and A, the magnitude of x,’ w,’ in the supposed upper 
state of system 6 will be —5-80cm™!. If on the other hand the initial level is 
common to both the values of w,” and x,” w,” in the supposed final level of system 6 
should be 1,045-5 and 24-0 cm~ respectively. Evidently both of these conditions 
are impossible. System 4, therefore, does not appear to arise from singlet levels. 
The only possibility left is to accept that the system arises from triplet levels and 
accept the analysis offered. It is difficult to assign these triplet levels, since only 
band heads of the (0,0) band are known. If one assumes that system 6 shares the 
initial £311 state with system ¢, the question at once arises as to why system 6 is so 
much stronger than system ¢, even though its final level lies well above the ground 
state x3II of ZrO. The only other possibility is to assume that the final level of 
system 4 is the x*II ground state of ZrO. There is no objection to this assumption. 
If such is the case it may explain why the weaker (0, 1) band heads of this system 6 
were not observed, for these weak bands would lie on the strong (2, 1) and (3, 2) 
bands of system A. a 

The upper state of system 5 should either be a A or a & state, for transition 
between a II state and xII state would not give strong Q branches. Since 
R, —R,=160-1cm™ and R,—R,=118-4cm™, the multiplet separations in the 
upper state of system 6 would either be 132-0 and 195-0 cm™ or 410-8 and473-6cm™. 
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Since © states cannot possess such large separations, the upper state is likely to be 
the pA state of ZrO with probably the multiplet separations of 132-0 and 
195-0 cm-! lying at 28,780-3, 28,912-3 and 29,107-3 cm™! above the x*II, ground 
state of ZrO. The smaller splittings in the 3A state are more likely than the larger 
410-8 and 473-6cm~ as they are in accordance with other spectra. ‘The larger 
ones, however, were assumed to be the multiplet separations by the author (1949) 
when he first reported this system. 


(iii) Singlet System ‘ A’, 4000-3390 a. 

Although this system is only about one third as strong as the triplet systems «, 
B and y of ZrO, the singlet nature of the levels responsible for this system A, is 
beyond doubt. Of the nineteen bands measured by the author, nine are quite 
conspicuous; the rest are weak. ‘T'wo bands of this system at A3682 and A3590 have 
been reported by Lowater (1932). The rotational structure of the A3682 band was 
studied by Herbig (1949), who measured about 130 lines in the band, and found 
that they consisted of only two branches, evidently P and R branches. ‘The 
Deslandres table of system A (given in Table 2) is evidence of the correctness of the 
classification. However it is observed that A’ (v’ + 4) and A” (v’’ + 3) decrease and 
increase regularly with increase in v’’ and v’ respectively. This at once suggests 
that @ has an appreciable magnitude. By usual calculations, it is found that 6 has 
widely different values for different sets of bands. Nevertheless, an average value 


of 6=—0-90cm~ is found most suitable. The following constants were deter- 
mined for system A: 
we’ = 843-75 cm! a =978-07 curs v= 2521792 cog 
Ra ee oN nC Tiles Ra == 5-04 6= —0:90cm+ 
yo, = 0-00 cms Need, | = OCOD en ras 


Here the values of w, and x,w, are only approximate since they have been 
determined for the band heads and not the band origins. The formula 
representing the nineteen band heads 1s 


yy?” =27,217-92 + {843-75(v' +4) —3-15(v' +4)?} 
— {978-07(0"" + $) —5-04(0"" +4)? +0:072(0"+4)9} 
— 0:90(v’ + $)(v’’ +4). 


Only weak bands badly superimposed by other structure have any considerable 
deviation from this formula (Plate, I). 

It is difficult to say what is the nature of the levels involved in this system. 
Herbig (1949) studied the rotational structure in the \3682, (0,0) band, on a 
spectrogram taken on 20-foot grating in the first order with a dispersion of 3-7 Aa 
The spectrogram published by him is very weak, and the lines cannot be traced to 
the origin or the head. Nevertheless the identity of the two P and R branches has 
been established beyond doubt. . ‘ 

Herbig, however, goes on to conclude that a Q branch is definitely absent, which 
in the author’s opinion is not certain. The author obtained a large dispenies 
spectrum of the A3682 band on the twenty-one-foot grating with 30,000 lines/inch 
in the second order giving a dispersion of 0-59 a/mm., and though the spectrum asa 
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whole was much stronger and the definition better than in the one published by 
Herbig, the P and R branches could not be traced to their origin. Ina "II,->1II, 
transition the relative intensity of the Q branch to P and R branches should be the 
same as in a *I1,—>8I], transition. Nevertheless, Lowater (1935) failed to detect 
any Q branch for the II, II, bands in system « when she studied the rotational 
structure in the (0,0), (1,0), and (0,1) bands of that system, even though her 
spectrograms were several times more intense than those prepared by the author 
or by Herbig. Ifa Q branch has been overlooked in the A3682 band, the system A 
may arise froma II —1II transition. But until this is proved to be the case, it may 
be assumed as more probable that the transition involved is b!X—>a!d. 

Herbig (1949) also established the indentity of the \3682 band in the spectra of 
late type stars, and therefore expressed doubts as to which of the two states, a! or 
x*II, the lower states of singlet and triplet systems respectively, is the ground state 
of ZrO. In the author’s opinion there can be little doubt that the a!X state of 
system A is a lowexcited state of ZrO, lying somewhere about 1,300 cm! above the 
x*II) ground state. The reason for this supposition will be presented later 
while discussing the energy levels of ZrO. 


Table 2. Deslandres Table of System ‘ A’ 
oe 0 NED 1 AC3/2 2 A’5/2 3 pNP? 4 5 6 


OQ 27151:0 968-8 26182-2 


1A1/2 836-9 836-4 
1  27987-9 969-3 27018-6 959-6 26059:0 949-6 25109-4 
73/2 831-5 829-7 826-7 
- 2 28819-4 977-7 27848-3 25938°5 950-1 249884 
A’5/2 823-9 
3 28672:2 960-8. 27711:4 
A’7/2 817-5 817-5 
4 29489-7 960-8 28528-9 26625°6 
A’9/2 806-3 
5 29335°3 26497°4 
A’11/2 
6 29180:9 26366-7 


Herbig (1949) has further mentioned an absorption band at 43571 in the spectra 
of stars, where the A3682 band of ZrO has been observed. ‘The absorption band 
at 43571 was identified with the OH* band of the same wavelength by Herbig. 
This absorption band can now be identified with the 43571-9 band of ZrO which 
is the (1,0) band of system A. ‘There is evidence of the presence of an absorption 
band at A3590, (2, 1) in the spectrum of R. Andromedae, examined by the author, 
but other bands of system A cannot be identified with the same certainty. How- 
ever, this proves the existence of absorption in the stellar atmospheres of Late l'ype 
Stars of bands of system A. Ifthe lower a1 state of system A is really a low excited 
state of ZrO, it will provide an interesting method of determining the difference in 
the temperature of the various Late Type Stars, for any difference in the above 
parameter should affect the relative intensity of absorption in the singlet system A 
compared with that of the triplet system «, B, y, by altering the relative 
concentration of ZrO molecules in the low excited a! state. 


PROC. PHYS. SOC. LXIII, LO——A 78 


1166 M. Afaf 


§5. EXTENSION OF SYSTEM @ 
Since many bands of system «, hitherto unobserved have been recorded by the 
author, and since these remove serious discontinuities in the Deslandres table of 
system «, the latter has been reproduced in Table 3 without altering the classi- 


Table 3. Deslandres Table of System A 
yO ND re ee 
ox 


b 215564 937-4 20625:0 927-9 19703:1 978-5 18784-6 


a 21640:3. 937-2 20709:1 923-5 19785-6 916-7 18868-9 
0 
© 21543:7 930-9 2061278" (922-9 19633 -07 =a 


814-2 814-9 ae 
NDS 28S) 814+5 809-6 
814-2 814-3 814-2 


b © 22369:°5 930-0. 21439-5. 6926-8-20512-7)) sae 


a 22454°7 930-7 21524:0 — _— = eo 
1 
c 22357:9 930-8 21427-7 924-0 20503:1 (975-5) 19587-6 


803-4 = at. = 
A’3/2 808°1 807-4 —_ = 
807+5 807°7 803-7 805+1 

(a 232581 — = = = = — _ 

225. 33177-6 930-7 222469) — << —  20404:7 972-4 19492-3 

c 23165:-4 930-6 222348 927-9 21306°8 974-1 20392:7 917-3 19481-4 

A’5/2 802+9 801-6 =e ae 8015 

| — 802-1 805-4 801°9 801-0: 

a —— —_ ees a, ees ——— — — — 

34 b  23980°5 932-0 23048°5 926-3 221222 — = = 20294: 

c = —  23036:9 926-6 22112:3 917-7 21194-6 972-2 20282-4 
A’7/2 =e 796-9 ae 
789-9 794-7 794-2 
a — —. =F a ass 
4<b — —  22919:1 978-2 22000-9 
Le 23826°8 979-8 22907:0 978-2 21988°8 
A’9/2 787°8 788°4 
788-7 788-6 
a — — = 
li 237069 917-6 22789:3 
\es 236957 918-3 22777-4 


fication. However band heads designated (8,8) R,, R, and R, by Lowater 
(1932) have been identified with %*Zr!O (0,1) R,, Ry, and R, and it appears that 
bands designated (0, 4) do not really belong to system « (see Plate, I). 


§6. ZrO BANDS IN THE REGION iA7900-7600 

The spectrum of ZrO in the region 7900-7600 a. was photographed in the first 
order of a 10-foot grating with a dispersion of 5-5 a/mm., with the ZrO, arc as. 
source. ‘The bands of ZrO in this region are fairly strong, and fairly well resolved ; 
it appears that many headless bands are superposed on each other. The branches. 
can easily be followed at a distance from the origin, though due to superposition of 
bands, it becomes impossible to locate the origin. C. C. Kiess (1948), who very 
kindly sent a private communication to the author, mentions several band heads of 


: 
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ZrO in this region, which cannot be found on the spectrograms obtained by the 
author, though some of the band heads mentioned by him can be identified with 
blendings of the rotational lines of the bands. Further study of these bands is 
required before any conclusions can be drawn. 


§7. 48192 BAND OF ZrO 


In complete isolation free from the confusion shown by neighbouring bands, 
there is a strong band of ZrO in the A8200 region, forming a conspicuous, though 
somewhat weak head at A8192 (see Plate, III). At this dispersion the fine structure 
of the band is fairly well resolved away from the head. The band is degraded to. 
longer wavelength but the branches remain unresolved at.the head. It appears. 
that a P and R branch are fairly well superposed on each other, but as the branch 
proceeds away from the head the branches diffuse out on the shorter wavelength 
side, until two weaker components emerge at about 48350 from beneath the main 
branch lines. ‘These might be the isotopic lines due to *Zr!®O and %Zr16O. 
‘That this isotopic displacement is not observed near the head may be due to the 
fact that the band is the (0,0) band of a new system. If it is supposed that the 
band belongs to triplet levels, if, for instance, a transition °X —°X were responsible, 
then intercombination of these levels with x°II, a?& and c#II would be expected. 
It appears that the aX level of ZrO is not involved in this system, or otherwise a 
double band head either at 13,845 or 28,251 cm™! should be expected due to the 
combination between x*II and the other 32 state of 48192 system. Since no 
double-headed band can be found in the region mentioned, it is certain that a®&. 
state is not involved. ‘The possibility of 3II states being involved is more remote, 
for in that case one would expect other band heads of the multiplet in the neigh- 
bourhood. One would, therefore, expect that the levels involved in the 48192. 
band are singlets. The absence of a Q branch indicates that the transition 
involved is of 'X8—1!X. The A8192 band may be the (0, 0) band of the system, the 
weaker and less conspicuous band of ZrO at A8210 may be the (1, 1) band. 


§8. INFRA-RED SYSTEM ‘I’ 


Attention was first drawn to the bands of ZrO in the infra-red by Meggers 
and Kiess’s (1932) publication of the wavelength of the heads of a group of bands 
in the region AA9200-9500. ‘The bands have a very complicated structure and 
are quite weak. Later the author discovered a similar structure between 
AA8500-8950 (also very weak), on spectrograms obtained in the first order of a 
10-foot grating with the ZrO, arc. Further, there appeared to be bands in this 
region which degrade to shorter wavelength. Assuming that the AA9200-9500 
group of ZrO bands form the (0, 0) sequence of a system of which the AA8500-8900 
group of bands might form the (1,0) sequence, the author tried to discover some 
kind of relationship between various band heads; it is hard to claim, however, that 
a successful analysis of this system has been made. Doubts are increased by the 
fact that many bands in the AA8500-8900 group and as well in the AAIZ00—9500 are 
unclassified, but the general similarity of structure between the two groups of 
bands supports the view that they belong to the same system. The following 
constants were determined, but should be accepted with reservation : 


w,/ = 862-9 cm, x,’w,' =8-8 cm, w,"’ =945-4cm- and x,” w,""=8-6cm", 
78-2 
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The formula representing the system ‘ I’ is 


10790-8 
jin] 
v0" = 2 10756-8 $ +{862-9(v' +4) —-8-8(v’ +4)?} — {945-4(0" +4) —8-6(0” +3)?}. 
10742:6 | 
10727-8 | 


The w,”’ in the final level of this system has about the same magnitude as that 
in the xII ground state of ZrO, but it would be misleading to conclude that this 
x3I1 level is really involved in the system ‘I’, while it will be quite premature to 
assume that because five heads have been recognized for each band the levels 
involved are really quintets, since several triplet systems are known which show 
five heads. Table 4 gives the Deslandres table of the system ‘I’. 


§9, ENERGY LEVELS OF ZrO 


Having described the various systems of bands of the ZrO molecule, it is 
desirable to discuss certain energy levels already known for this molecule. ‘The 
first to arouse interest is the ground state, since much confusion had persisted 
about it. It has very recently been suggested by Herbig (1949) that perhaps the 
ald state of system A instead of xII state might be the ground state of ZrO. A 
similar suggestion had previously been made forthe T10 molecule by Miss Lowater. 
One fact however stands out for our guidance, viz. that absorption in the stellar 
atmospheres by the ZrO molecule takes place from both a!= and xII states. This 
shows that these states lie very close to each other. Since the absorption from the 
x°IT state is much stronger than from the a!, it appears that it is the latter which is a 
low excited state. ‘This is supported by the following consideration: A Zr atom in 
the 3F, ground state and an oxygen atom in its ground state ?P,) in combination are 
expected to give rise to singlet, triplet and quintet levels. Since only a!© and 
x3II occur as lower states of the systems known, these two may be expected to 
originate from a combination of the zirconium and oxygen atoms in their ground 
states. Ifso, the energy of dissociation in the two states should provide a clue as 
to which is the excited state; denoting the energy of dissociation in the two states 
by D(x®IT) and D(a'd), we find 

D (<I) = 62200cm™; D(atX) = 47400 cm 
from Birge-Sponer extrapolation. 

From this it would appear that the a’ state lies about 15,000 cm™ (62,200- 
47,400) above the ground state. This, although showing that the a! state is an 
excited state, cannot be considered to be an accurate value, since x,w, is not 
accurately known for a! where y,w, is also appreciable. 

However, if we picture the ZrO molecule as Lowater (1929) had pictured the 
molecule of ‘TiO, that is, in the molecule two of the least strongly held electrons of 
the Zr atom are influenced in such a manner as effectively to complete the oxygen 
shell, the only contribution towards the momenta wiil come from such a depleted 
Zr atom. ‘The electronic configuration of the latter will be the same as Zr++. 
The nature of the low-lying states of the molecule of ZrO will be analogous to the 
low-lying states of Zr+*. The ground state of the latter is a triplet state, and the 
singlet states of the doubly ionized Zr atom lie a little above the triplet ground 
state. It would appear, therefore, that in the ZrO molecule also the triplet state 
lies deeper than the corresponding singlet state. Therefore one would expect 
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x®II as the ground state and a! as a low excited state of ZrO. This should also 


be the case with TiO. If the correspondence between Zr++ and ZrO holds 
quantitatively for these excited states, one would expect the a!& state to lie between 


Table 4. Deslandres Table of System ‘I’ 


v" 0 A”1/2 1 A’3/2 2 INSP) 8 
v 
[a 10750°3 
b 10731-4 
O< c 10715°3 
d 10700°1 
€ 10685°3 
A’1/2 — 
(a 10668-6 
b 10649°5 
1<c 10632-2 
d 10621°8 
e 10599-6 
( 828-8 
829-0 
A’3/2 830-8 
834:6 
| 833-5 
i 11497-4 911-5 105859 
b 11478:°8 — — 
‘| c 11463-0 913-6 10549 -4 
d 11446-4 — = 
Le 11433-1 — —- 
814:6 
A’5/2 == 
a 11400°5 
b 11380-0 
I fete 
d —— 
b 11334-2 
A’7/2 = 
i baton 
A = 
"s 11286°8 
itd fe 112722 
Al 11256°6 
é . 11242°5 


2,534/2:57 =986 cm~! and 3,835 2-34 = 1,639 cm™ above the ground state, where 
2-57 and 2:34 are the factors by which multiplet separations are reduced in the x*II 
state of ZrO compared with the °F ground state of Zr**. At an average, 
therefore, the a!X state should lie about $(986+ 1,639) =1,300 cm™! above the 
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x31], ground state. The b! state should therefore lie roughly at (27,151-0 + 1,300) 
= 28,451 cm above the x°II, ground state of ZrO. It is evident that absorption 1s 
possible from such a low excited state as a! in the stellar atmospheres, where 
sufficient molecules may be maintained in that state at the temperature prevailing. 
There is also some doubt concerning the upper state of system f. ‘The 
multiplet separations in this state are 44-9 and 36-7 cm; Lowater (1932) assumed 
that this state was the B°D state, but furnished no explanation as to why multiplet 
splittings were so high in an a®» state. Furthermore, Johnson (1932) has reported 
many weaker band heads to each main band of system B, which might well have 
formed in unusually strengthened satellite branches. This would support the 
hypothesis that the state of system f is B°A with multiplet separations of 44-9 and 
36-7cm-1. The smaller magnitude of multiplet separations in a°A state compared 
with an aII state would further be in keeping with the general rules. A 
summary of the constants in the various levels of ZrO is given in Table 5. 


Table 5 

State Vo?” We XeWe ise Qe — De 

pe Uh 0 937-20 3°35 06189 0:0045 1-413 x 1054 
ad 730-0 978-07 5:04 == = — 

Ad 16048 -4 856:97 S837) 00-5658 0:0077 AIT MO? 
BeA 17483°-5 846-28 3°41 — = = 

cll 215995 820°58 Soil 0:5333 0:0123 epzilys hO= 
b1a 2845°1 843-75 SoS = = => 

pDeA 28922°5 == — — — — 

EI] SB e7/ = — — — — 


A point to be noted is that the w, and B, values for the TiO molecule in its 
ground state are 1,008-1 and 0-5352cm™!. ‘This is surprising as it appears that 
whereas w, decreases from TiO to ZrO, B, actually increases. This is perhaps 
the only example known of its kind. 
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LETTERS TO THE EDITOR 


The Photo-Disintegration of Oxygen into Four Alpha-Particles 


Observation of O - 4 ‘He photo-disintegration stars in nuclear emulsions irradiated 

by 23 Mev. bremsstrahlung was reported recently by Goward, Titterton and Wilkins (1949). 
Over a hundred of these stars have now been identified, using 23 and 25 Mev. bremsstrahlung, 
and give some information concerning the mechanism of the disintegration. 
; The processed plates (Ilford Ei) were searched twice, and every star was measured and 
its apparent momentum unbalance | A] calculated, following the techniques described by 
Goward and Wilkins (1950). Detailed measurement of every star avoids misinterpretation 
of four-particle stars with one small or obscured prong; only after considerable experience 
thus gained was it considered permissible to pick out oxygen stars by inspection (some 15 
in the present experiments). The accuracy of measurement obtained is shown in Figure1(a) ; 
only stars with |A| < 1:0 were accepted for further analysis. 
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Figure 1(a). Apparent momentum unbalance, | A |, for all suspected 1*O -> 4 4He stars, in units of 
(mass number X particle energy in Mev.)!/?. 
The fitted curve is of the form (K |A])? exp—(K | A1)?. 


Figure 1 (0). Histogram showing the gamma-quantum energy Ey for all stars with JA|<1:0 
25 MeV. is the approximate spectral limit for the highest energy irradiation; stars not 
involving an *Be ground state nucleus are shown shaded. A curve of absolute cross section. 


a, is added. 


The gamma-quantum energy £,, appropriate to a star is Ey-+ 14-5 Mev., where Ey is the 
total energy of the alpha-particles of the star. Figure 1 (b) shows an £, histogram for all 
accepted stars, and the superposed cross section curve is probably accurate to about 150%. 

Several possible modes of disintegration may be considered, e.g. 


6O+ hy > @C*+-4He, aCe Se Bese Hee tm | gceskstete (1) 
XO) ppp 8 EBYos eye Bur OC (2) 
iS O- -hyi— 2 -He, 12 F is SBet=- ese | an sehen (3) 
18O rr hye= *Bet-E*Bet, (4) 


where an asterisk denotes an excited level. Following the methods given by Goward, 
Telegdi and Wilkins (1950), the disintegration energies, Op, of any intermediate *Be nuclei 
may be calculated. Six Qpg values are obtained for each star, of which no more than two 
can be significant. 

Figure 2 (a) shows part of the Qp histogram obtained. Most of the 66 stars which give 
a Op value less than 0-25 mev. clearly involve a ground-state *Be nucleus and are instances 
of reactions (1) or (2); the 12 additional stars giving a Qp value less than 0:4 Mev. are 
doubtful. No star gave more than one Qs value less than 0:4 Mev. 

To distinguish reaction (2) stars, a Op histogram is plotted (Figure 2 (b)) corresponding 
to the tracks opposite to those giving 0<Qp<0°25 Mev. in Figure 2 (a). The characteristic 
level structure of ®Be should be obtained, obscured only by a continuum from reaction (1) 
stars. No significant structure is obtained, and reaction (2) therefore accounts for few, if 
any, stars. 

Figure 2 (c) shows a Qg histogram for the 49 stars which give no Ox, values less than 
0:25 mev. Although no significant *Be level structure appears, any such structure would 
here be obscured by a continuum of twice the area for reaction (4) stars and five times the 
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area for reaction (3) stars. The present statistics are hardly adequate to support or eliminate 
reaction (3), involving, for instance, a 3 Mev. level *Be nucleus, but they are adequate to 
eliminate a reaction (4) involving two such nuclei. cae 

Ignoring the unlikely possibility of direct splitting into four alpha-particles, the likely 
reactions are, therefore, (1) and (3), both passing through ”C. These may be further 
investigated by plotting a histogram for the function 

Ocp=Er—(4E4/3)—(M,7/12) + 4M, cos 04. E47, wees (5) 

where Ey (Mev.) is the energy of an alpha-particle whose track makes an angle 04 with the 
incident gamma-quantum, and M,=0-023E,. Q¢ is significant only when E, refers to the 


first alpha-particle emitted, and is then the total disintegration energy of the intermediate 
%C nucleus. For the 66 possible reaction (1) stars, only two Qc values need be 
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Figure 2. Figure 3. 

(a) Low energy Qz values for all possible intermediate (a) Qg values for possible intermed- 
reactions ®Be (or *Be*)>2 4He+Q,. Allowing for jate reactions 12C*—3 4He+Qg,. 
the errors shown in Figure 1 (a), the fitted curve shows proceeding via an ®Be ground 
the expected histogram shape if 66 stars involve ground state nucleus. The fitted curve 
state SBe nuclei, with Og =0-1 Mev. and negligible width. assumes a 9:7Mev. !C _ level 

(6) Qs values for excited *Be nuclei occurring in an assumed (Qg=2°-4 Mev.), width 1-3 Mev. 
reaction 1®O->®Be-+ ®Be*. (6) Qg values for stars not involving 

(c) Complete Q, histogram for stars having no QO, value ’Be ground state nuclei. Shaded 
<0:25Mmev. Values for stars with a Op value between values are for stars also shown 
0:25 and 0:4 Mev. are shaded. shaded in Figure 2 (c). 


plotted, one of which is significant. As shown by the theoretical curve, Figure 3 (a) is. 
consistent with disintegration via a 9-7 Mev. 12C level (e.g. Gibson 1949) of total observed 
width approximately 1-8 Mev. and true width approximately 1:3 Mev. For the 49 possible 
reaction (3) stars, four Q¢ values (one significant) per star are plotted in Figure 3 (6). The 
present statistics are inconclusive, except that any !C level concerned is certainly above 
9:7 Mev. A level around 11 Mev. would be consistent both with Figure 3 (0) and the slightly 
higher effective threshold energy of these stars indicated by Figure 1 (8). 

To sum up the above analysis, some 50 to 55% of the stars observed were formed by 
reaction (1) via the *C 9-7 Mev. level and the *Be ground level. The remainder were 
probably formed by reaction (3) via levels as yet undetermined. 


Atomic Energy Research Establishment, F. K. GowarpbD- 
Harwell, Didcot, Berks. J. J. WILKINS. 
26th June 1950. 


Grsson, W. M., 1949, Proc. Phys. Soc. A, 62, 586. 

GowarpD, F. K., Trrecp1, V., and Wixx1ns, J. J., 1950, Proc. Phys. Soc. A, 63, 402. 
Gowarb, F. K., Tirrerton, E. W., and WiLkns, J. J., 1949, Proc. Phys. Soc. A, 62, 460. 
Gowarp, F. K., and WILkins, J. J., 1950, Proc. Phys. Soc. A, 63, 662. 
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Ground State *Be Nuclei in Photo-Disintegration Stars 


Recent studies of photo-disintegration stars, formedin nuclear emulsions by irradiation 
with 23-25 Mev. bremsstrahlung, have shown that ground state 8Be nuclei occur frequently in 
the disintegrations C + 3 *He (Goward, Telegdi and Wilkins 1950) and %O-> 4 4He 
(Goward and Wilkins 1950 b). The characteristic appearance of such stars is illustrated 
by Figures 1 and 2, the tracks of the ground state *Be alpha-particles appearing as a 
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Figure 1. Photo-disintegrations #*C—>*He-+ *Re. 
Observers: Mrs. A. M. Brown and Miss W. Ruck. 
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Figure 2. Photo-disintegrations 1*O-+2 *He-+ *Be. 
Observers: Mrs. J. M. Taylor and Miss W. Ruck. 


distinctive, not necessarily symmetrical, ‘V’. Two further similar disintegrations have now 
been observed in a boron-loaded emulsion, and may almost certainly be identified as 
11B -> 3H+8Be with the aid of momentum balance analysis (Goward and Wilkins 1950 a, 
Goward, Titterton and Wilkins 1950). As shown in Figure 3, the characteristic ‘ V’ is 
again in evidence. 

The accuracy with which the disintegration energy of *Be can be deduced from measure- 
ment of the ‘ V’ has been shown by Goward, Telegdi and Wilkins (1950) for ##C — 3 *He 
stars and by Goward and Wilkins (1950 b) for *O + 4 4He stats. The former stars tend 
to give less accurate results since the star centres are generally not so well defined. 

Some confusion appears to be common regarding the expected appearance of stars 
such as those mentioned above. It is often assumed that the *Be (ground state) nucleus 
will produce a single thick track (Hanni, Telegdi and Ziinti 1948, Millar and Cameron 1950). 
On the contrary, the lifetime of *Be is too short, according to Wheeler (1941), for it to form 
an appreciable track before disintegration, and its disintegration energy (~ 0-1 Mev.) is 
sufficient to ensure an observable angle between the two alpha-particle tracks in the majority 
of stars. Scattering by other atoms in the emulsion significantly assists resolution of the 
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tracks. Difficulties of observation do arise, however, as discussed below, particularly 
when one track is very short. An observable angle may be obtained even when the *Be 
nucleus is emitted with considerable energy, for example 20 Mev., as in the photo-fission 
event reported by Goward, Titterton and Wilkins (1949) ; scattering ensures some resolution 
of the tracks at such energies. ea 

Figure 2 (c) illustrates the difficulties of distinguishing the presence of *Be nuclei with 
certainty in some stars. Although the *Be nucleus is emitted with about 3 Mev. kinetic 
energy in this case, the angle between the resulting tracks happens to be small ; one track 
is consequently short and easily overlooked. Such a track is much more easily overlooked 
when formed vertically beneath another in the emulsion. Thus some *O > 4 *He stars 
may be mistaken for 12C > 3 ‘He stars, although momentum analysis usually reveals the error. 
Similarly some 12C -> 3 ‘He stars may be recorded as one or two particle tracks. 


ee eo 


=I 
60 microns not shown 
Figure 3. Photo-disintegration “B—*H-+ 8Be. 
Observer: Mrs. A. M. Brown. 


Nore: All figures are reproduced to the same scale. 
Photomicrographs: N. F. Shammon. 


The search for the reaction 4N — ®Li+2 *He (Wilkins and Goward 1950) is essentially 
an extreme case of the same difficulty. Although a balance of evidence was obtained 
favouring assignation of a few stars to this reaction, no certain differentiation was possible 
from 1O -— 4 *He stars with one very short (unobservable) alpha-particle track from ®Be. 
More recent experiments using slightly higher gamma-ray energies, which might be expected 
to produce a greater proportion of stars identifiable as nitrogen, have, so far, failed to do so. 
The upper limit to the cross section must certainly, therefore, be reduced by a factor of 
four from the original estimate. 


Atomic Energy Research Establishment, J. J. WILKINS. 
Harwell, Didcot, Berks. F. K. Gowarp. 
26th June 1950. 
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WHEELER, J. A., 1941, Phys. Rev., 59, 27. 

Wirxins, J. J., and Gowarp, F. K., 1950, Proc. Phys. Soc. A, 63, 663. 
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Pile Neutron Absorption Cross Sections of some of 
the Elements 


Measurements have been made using a pile oscillator in the Graphite Low Energy Experi- 
mental Pile at Harwell of the absorption cross sections of a numbet of elements. 

The pile oscillator was used in the following way. A sample of the element to be measured 
was taken rapidly from the edge to the centre of the pile, left at the centre for twenty 
seconds, and then rapidly removed from the pile. The sample was then left out of the pile 
for twenty seconds, and the whole cycle repeated many times. This periodic motion of the 
sample produced a periodic change in the reproduction constant of the pile, which in turn 
caused a modulation of the pile power. 

It may be shown that, under these circumstances, the fractional depth of modulation (the 
actual depth of modulation divided by the mean power level) is proportional to the total 
absorption cross section of the sample (Weinberg and Schweinler 1948). 

The absorption cross sections of the samples measured were compared with the absorption 
cross section of boron, and for the latter we took the value of 710 barns at 2,200 m/sec. 
given by Ross and Story (1949). If f, and fg are the fractional depths of modulation 
produced per atom of the sample and per atom ot boron respectively, the pile neutron 
absorption cross section of the sample is given by o,=opf,/ fg, where o,=710 barns is the 
absorption cross section of boron. 

Since boron follows a 1/v cross-section law, if the element being measured follows a 1/v 
law also, the pile neutron cross section will be the value of the thermal neutron cross section 
at 2,200 m/sec. In any case, since the graphite pile neutron flux is predominantly thermal, 
the pile absorption cross sections will be very nearly equal to the thermal absorption cross 
sections unless the elements have absorption resonances at energies only slightly above thermal 
energy. 

There were three possible sources of error to be considered in making these measurements: 

(a) That the change in reproduction constant produced by the sample was not entirely 
due to absorption of neutrons. For samples with a very small absorption cross section the 
effects of slowing down and scattering of neutrons are also important. These effects were 
investigated separately, and it was found that for all the elements listed in the table below 
these effects were negligible. 

(6) That there was appreciable self-screening in the sample. If the sample has a large 
nuclear cross secticn contained in a small volume, then the neutron flux throughout the 
sample will not be constant. Thus it would be incorrect to compare one sample having 
self-screening with another which, has none. 

Self-screening may be avoided by uniformly dispersing the sample through a large 
volume. This may be done either by mixing the sample with powdered graphite or by 
dissolving a salt of the element in heavy water, since both graphite and heavy water have 
small absorption cross sections. Some of the elements of large cross section were measured 
by dissolving one ot their compounds in heavy water, and thus there was no self-screening 
effect. In other cases this was not done, and corrections had to be applied for the self 
screening. This was done by empirically determining the self-screening effect, using 
different volumes of powdered graphite all containing the same weight of cobalt chloride 
(a compound with a large cross section). 

(c) That the chemical sample used was contaminated with small quantities of other 
elements of large cross section. This meant that chemical analysis had to be carried out for 
very many ot the samples used. (To illustrate the accuracy required in the chemical 
analysis, it should be noted that, in the case of phosphorus, for example, one part per million 
of boron contamination will change the absorption cross section by 1%.) 

In the Table below we list the cross sections measured. The standard errors quoted are 
a combination of the errors in the pile measurements and uncertainties in the self-screening 
corrections. 

The cross sections are classified into three categories, A, B and C. 

Category A: Those elements for which there was no self-screening correction, and 
either a complete chemical analysis was made on the sample or the element was specially 


prepared in a pure state. 
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Absorption Absorption 
Element cross section Classifica- Element» cross section Classifica~ 
(units of 10-*4 cm?) tion (units of 10-4 cm?) tion 

Aluminium 0:212 +0-005 A Magnesium 0:057 +-0-006 B 
Antimony 7-6 -+0°5 Cc Manganese 12:8 +0°8 (e 
Argon 0-62 +0-04 A Molybdenum 2:95 +0-15 Ge 
Arsenic 4-9 +0:25 Cc Nickel 4-8 +033 € 
Barium 1:25 +0-04 B Nitrogen 1:76 -+0:-05 A 
Bismuth 0:0205-+0-:0015* — Palladium 10-0 0:7 C 
Boron 710 A Phosphorus 0-193 +0-007 A 
Bromine 8-7 +06 € Platinum 15:0 +1:-0 C 
Calcium 0:40 0-02 A Potassium 1:89 +0-06 B 
Cerium <0-92+ _ Selenium 11-4 +0°5 B 
Chlorine 31:3 +0:°8 B Silicon 0:16 +0:01 B 
Chromium 3-1 +0:2 © Sodium 0-50 0-015 A 
Cobalt 38-2 +3:-0 B Strontium 1:35 +0-05 B 
Columbium 1:26 -+0-13 B Sulphur 0-49 +0-02 B 
Copper 3-6 - +0-25 e Tantalum 21-2 +1:-5 © 
Gadolinium 37600 +1500 A Tin 0:70 +0:04 B 
Hafnium 110 +20 ( Titanium 50 +03 ¢ 
Iodine TA 20°35 Cc Tungsten 20°5  =+1°5 (C 
Tron 2:4 +0:2 Cc Vanadium 4-4 +0:3 C 
Lead 0:28 -+0-01 B Zinc 1:09 -+0-05 B 
Lithium 65°5 +2:0 A Zirconium 0:250 +0-025 A 


* This measurement was made by irradiating bismuth in a known thermal neutron flux and sub- 
sequently measuring the alpha activity of the polonium produced. Se 
+ This sample was very impure, and only a partial chemical analysis was made. 


Category B: Those elements for which there was no self-screening correction, but no 
chemical analysis was made on the sample. 

Category C: Those elements for which a self-screening correction was applied and no 
chemical analysis was made on the sample. 

All the chemicals used in categories B and C were the purest we could obtain, but it is 
still possible that they may have contained impurities of large cross section. This means that 
the quoted cross-section figures may be subject to a systematic error. 

We have not attempted to compare our values with the large number of values already 
appearing in the published literature, since a very comprehensive account of the published 
data is given by Ross and Story (1949). 

We would like to express our thanks to the members of the Chemical Inspectorate 
branches of the Ministry of Supply at Chatham and Woolwich for the many chemical 
analyses made during the course of these measurements, and to the Director of the Atomic 
Energy Research Establishment for permission to publish this Letter. 


Atomic Energy Research Establishment, Rt, 
Harwell, Didcot, Berks. iD) 


C. W. CoLmeEr. 
Ihe 
15th June 1950. 


LITTLER. 
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The Effect of Screening of the Cross Section 
for Pair Production by Electrons 


In photographic plates exposed to cosmic-rays there have been observed events inter- 
preted as pair production by high energy electrons colliding with nuclei.* It is of interest 
to estimate the effect on the cross section for this process of the screening of the field of 
the nucleus by the atomic electrons, since screening reduces considerably the cross section 
for pair production by high energy photons (Bethe and Heitler 1934). 

The cross section for pair production by an electron in the (unscreened) Coulomb 
field of a nucleus has been calculated by Racah (1937); for a 1,000 Mev. incident electron 
the value given is 64:62Z?r,?/(137)?. (Z is the atomic number of the nucleus and 
7 o(=e?/mce*) is the classical electron radius.) 

In this letter the effect of screening (as given by the Thomas—Fermi model) is estimated 
using the Weiszacker—Williams method (Williams 1935). (The ratio of screened to unscreened 
cross sections is found.) This is done in two ways : (a) the field of the incident electron is 
decomposed into that of a distribution of ‘ photons’; for the cross sections for pair 
production by photons in Coulomb and screened nuclear fields the values of Bethe and 
Heitler (1934) are used; () the effective photon distribution of a screened nuclear field is 
found (see, for example, Heitler and Peng 1943) and Borsellino’s values (Borsellino 1947) 
for the cross section for pair production by a photon in the field of an electron are used. 
In Borsellino’s work recoil of the initially stationary electron is taken into account, but the 
effect of exchange between this electron and the electron of the pair is neglected. This 
should have only a small effect on the total cross section. 

It is found that for Z=40 the cross section is decreased by 5-6 or 6:2% according to 
(a) or (6) respectively. 

For a typical emulsion (Kodak NT4, the radiation length for which is 2:8 cm.) the 
cross section per unit volume neglecting screening is 1:04 107? cm? per cm*. Since 
screening is a small effect the approximation is made that the cross sections for the various 
atoms of the emulsion are all decreased in the same ratio by screening, this ratio being 
that for Z=40, an average value. Using Racah’s result for normalization it follows that the 
screened cross section per unit volume is 0-98 x 10-? cm? per cm*. 

Pairs may also be produced in electron-electron collisions. If it is assumed that the 
cross section for this process is approximately 657 ?/(137)?, the cross section per unit 
volume for the emulsion is 2:7 x 10-4 cm? per cm’. The collisions with atomic electrons 
thus contribute an additional 3°% to the cross section per unit volume for nuclear collisions. 

The characteristic length for pair production by a 1,000 mev. electron is therefore 
99 cm. or 35 radiation lengths. 

For a 10,000 mev. electron the results are : unscreened cross section =180Z?797/(137)?; 
decrease due to screening (method (6), Z=40) =18%; characteristic length=42 cm. 
=15 radiation lengths. 


Department of Mathematical Physics, D. G. RAVENHALL. 
University of Birmingham. 
14th July 1950. 
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* Remarks by Professor Occhialini at the Como Conference (1949) and Bradt et al. (1950). 
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Background Tracks in Electron-Sensitive Nuclear Emulsions 


For many experiments in which electron-sensitive nuclear plates are used the background 
tracks are no serious disadvantage; there are, however, a number of experiments which 
could be done with these plates if the background could be eliminated or reduced. 

The importance of the problem can be seen from the fact that in unshielded Ilford G5 
plates kept at ground level, 250 electron tracks are produced per mm® of a 200 » thick 
emulsion per day. This large background has been variously ascribed to cosmic radiation 
and to an internal contamination of the plates themselves. The experiments described 
below show that contamination plays a minor part. 

As a preliminary experiment plates were left down a mine 600 metres below ground. 
At this depth the cosmic-ray intensity is completely negligible, yet these plates showed a 
density of background tracks almost identical with that found in plates kept at ground level. 
If however, the plates below ground were screened by 2 in. of lead on all sides, the number 
of background tracks was decreased by a factor of 9 (see Table). This made it clear that 
in the mine the majority of the tracks in the unscreened plates were due to y-rays emitted 
by traces of radioactive material present in the surrounding rock. Although the y-activity 
of the rock (a Silurian sandstone) could not be measured directly, the 6-activity of a sample of 
the rock was investigated using a GM2 counter, and it was found to possess an activity of 
the order required to explain the results. 

Next we shall consider whether the remaining background observed in shielded plates. 
stored down the mine is due to contamination inherent in the plate, i.e.in the emulsion or 
in the glass support, or to y-rays emitted by the container or in the lead shielding used. 
A lead screen 2 in. thick would, of course, be expected to cut down the total number of 
y-rays by a much bigger factor than the observed decrease in number of background tracks. 

The obvious contaminants to consider are the natural radio-elements of the uranium 
and thorium series. [he degree of contamination otf the emulsion itself can be seen at once 
to be exceedingly small from the very small number of a-particle tracks observed. 
0-:040-+0-008 «-tracks were observed to be produced per mm? per day in a G5 emulsion 
200 thick. Since there will only rarely be f-particles emitted unassociated with 
a-particles, the electron tracks arising from such contamination constitute less than 0:1% 
of those observed in the screened plates. 

A more serious possibility is radioactive contamination of the glass. This certainly 
contains thorium, presumably in approximate equilibrium with its products. The 
“truncated stars’ familiar to all workers with these plates demonstrate this. A count of 
alpha tracks arising from the glass showed that 0:06-+-0:007 per mm? are produced per day. 
Although on the average about twice as many a- as f-particles are emitted for any of the 
natural radiaoctive series, this degree of contamination may not be negligible since the 
B-particles will have a much longer range in glass than their associated a-particles and will 
therefore be able to reach the emulsion from greater depths. 

Experiments on some weakly contaminated zirconium oxide placed in contact with the 
emulsion surface enabled a measure to be made of the ratio of electron tracks to a-particle 
tracks observed under such conditions. A count of a- and f-tracks passing through the 
emulsion surface showed that in this case the ratio of B- to a-tracks observed was 15-43. 
(The errors here do not represent normal statistical fluctuations so much as a certiin 
non-uniformity of contamination.) The contamination of the zirconium was believed to. 
be mainly uranium, on the basis of some subsidiary counter experiments. This would be in 
equilibrium with the two B-emitters ?°*Th and ?°4Pa which follow the decay of 2°8U but would 
probably not be in equilibrium with the rest of the series. The glass contamination, being 
mainly of the complete thorium series, would give a greater ratio of a- to B-tracks as well as 
a higher average a-particle energy so that the ratio 15 : 1 may be regarded as an upper limit 
for the ratio of B- to a-tracks emerging from the glass. 

Then the number of £-tracks entering the emulsion from the glass will not be more than 
approximately 1 track per mm? per day, or less than 3% of the total tracks in screened plates. 

Gamma-radiation which would arise from even greater depths in the glass has still to be 
considered. The following argument shows, however, that this is not important. 

In an infinite block of glass, the average number of y-rays absorbed and giving rise to 
electron tracks in any small region will be equal to the number emitted in the same region 
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apart from a factor of perhaps 3 or 4 arising from multiple scattering of y-rays. As the 
number of y-quanta emitted in passing down the radioactive series is comparable with the 
number of B-particles, the number of tracks crossing any small region of glass due to y-rays. 
will be roughly the same as that of B-particles directly emitted. Although the glass base 
used for the emulsion is of infinite thickness as far as electrons are concerned it is very far 
from this for y-radiation which in consequence will not have built up a density which 
approaches the density to be expected in a thick block. 

The only remaining contaminants which need to be considered are potassium 40 and 
carbon 14. 'To give the observed number of tracks in the screened emulsions, about 1-4% 
by weight of ordinary potassium would be required; this can at once be ruled out (Faust 
1950). Allowing for the limited range of B-particles, probably some 10°/ of potassium 
might be needed in the glass to give the same effect. In fact, only about 0:15% is present,. 
thus accounting for perhaps 1:5° of the number for which an explanation is needed. The 
effect of carbon 14 is of the same order; if the proportion of !C in carbon from biological 
sources 1s 1 in 10! as found by Anderson et al. (1947) about 1 track per mm? will be produced 
per day in the emulsion, representing 3° of those observed. 

It would then seem reasonable to hope for a reduction of background by a further factor 
of 10, in appropriate conditions, before the tracks arising from present plate materials become 
the main source of background. It is clear that most of the background tracks in the 
shielded plates are still due to y-radiation arising outside the plate, presumably in the 
shielding itself. Attempts are being made to improve the situation by using ‘ cleaner ” 
screening. 

We are most grateful to the National Coal Board and to Mr. G. Morris, the manager of 
the Jubilee pit, for making possible the experiments described, and to Mr. Charles Parry for 
his very practical assistance throughout our operations underground. 


Electron ‘Tracks in G5 Emulsion, 200y thick. 


Pl Date of No. of tracks Increase 
ate development per mm? over 6 days. 
Control] developed when plate 2 was taken down mine 20.6.50 435+12 — 
Plate kept in mine screened by 2 in. of lead 26.6.50 620+15 183+ 20 
Plate kept above ground 26.6.50 2080-+70 1640+ 70 


Much of the necessary track-counting was done by Mrs. E. M. Munday. 


Physics Department, J. H. FREMLIN. 


Birmingham University. MADELINE C. WALTERS. 
24th July 1950. 
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The Attainment of Very Low Temperatures by a Two-Stage 
Adiabatic Demagnetization Process 


For the attainment of very low temperatures by adiabatic demagnetization of a 
paramagnetic salt, the initial magnetization process is normally carried out at a temperature 
of about 1° x. In order to remove most of the electron spin entropy at this temperature 
it is necessary to use very high magnetic fields (of the order of 20 kilogauss). To avoid 
the use of such large magnetic fields, we have thought it desirable to attempt to develop 
a two-stage apparatus in which the magnetization of the second stage is carried out at 
about 0-1°., this temperature being produced by demagnetization of the first stage. 
In this way it is possible to remove almost the whole of the electron spin entropy by using 
a field of only a few kilogauss, such as can be provided by an ordinary air-cooled, low 
power electromagnet or by a permanent magnet. 

The main obstacle to the successful realization of a two-stage process has been the 
construction of a satisfactory thermal switch for making and breaking thermal contact 
between the stages. A solution to this difficulty has been provided by the results of 
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experiments on the thermal conductivity of superconductors in which it has been shown 
that, at low temperatures, the thermal conductivity of a superconductor may be very much 
lower than that of a normal metal but is restored to the normal value when the super- 
conductivity is destroyed by a magnetic field (Hulm 1949, Rademakers 1949, Heer and 
Daunt 1949, Mendelssohn and Olsen 1950). The use of this property to provide a thermal 
switch between the stages has been suggested by Heer and Daunt (1949) and by 
Mendelssohn and Olsen (1950). 

We have made some preliminary tests of the practicability of this method using the 
arrangement illustrated in Figure 1. The first stage A consisted of a compressed cylinder 
of iron ammonium alum and the second stage B was a cylinder, of similar size, of diluted 
copper potassium sulphate (mixed crystals of zinc potassium sulphate +10°% copper 
potassium sulphate). The two stages were suspended in an enclosure which was cooled 
by liquid helium and were connected by a wire of very pure lead L which served as the 
thermal switch. 

The procedure adopted was as follows : (a) Both stages were cooled to the temperature 
of the outer enclosure (0-9° kK.) by means of helium exchange gas. (5) An electromagnet 
was symmetrically placed so that a field of about 4,200 gauss was applied to both stages. 
When the heat of magnetization had been removed, the exchange gas was pumped away. 
(c) The magnet was slowly lowered so that the upper stage was demagnetized while the 
lower stage remained in the field. During this procedure the lead wire was, at all times, in 
a field greater than the threshold value (800 gauss) so that there was good thermal contact 


90 |—- 


=> 80;- 


5 10 15 20 25 
Time (minutes) 
Figure 1. Figure 2. 


between the stages and, as the cooling proceeded, heat was transferred in an approximately 
reversible way from the lower stage to the upper. In the final position of the magnet, the 
lower stage was still in a field of about 4,200 gauss, the lead wire was in a position where 
the stray field was about 1,000 gauss and the stray field on the upper stage was about 
600 gauss. This latter field was then compensated by means of an auxiliary permanent 
magnet. (d) After waiting a few minutes for equilibrium to be established, the field was 
removed. As soon as the field on the lead wire fell below 800 gauss, the lower stage was 
effectively insulated from the upper. 

The Curie temperature of the lower stage after demagnetization was found to be 
T*~0-01° which is near the limit determined by the specific heat anomaly due to interaction 
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between the nuclear moment and the electronic moment of. the copper ion. The 
temperature of the upper stage was 0°12°. 
; The variation of 1/T7* with time for the lower stage is shown in Figure 2. Over the 
initial part of the curve where T* is nearly constant, we are in the region of the specific 
heat anomaly where there is likely to be considerable difference between T* and the true 
thermodynamic temperature. From the subsequent part of the curve we have attempted to 
estimate the rate of heat inflow assuming that 7* does not differ appreciably from T and 
that the specific heat can be extrapolated from high temperature measurements (Benzie 
and Cooke 1949) using a 1/T? law. The result obtained is a heat inflow of the order of 
100 ergs/min. There is no doubt that the insulation could be considerably improved by 
small modifications in the design of the apparatus. 

One of us (J. H.) wishes to make grateful acknowledgment to the Pressed Steel Company 
Ltd., Cowley, for a Research Fellowship. 


The Clarendon Laboratory, J. Darsy. 
Oxford. J. Hatton. 
4th July 1950. B. V. ROLtIn, 
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Superconductivity of Lead Sulphide, Selenide and Telluride 


During the course of some measurements on the electrical conductivity of lead telluride 
we recently had an opportunity to investigate, by magnetic measurements, whether super- 
conductivity was exhibited by this compound at low temperatures. When it was found to 
be a superconductor, we thought it worth while also to examine lead selenide and lead 
sulphide by the same method. ‘The measurements were only of a preliminary kind, but we 
feel that the results may be of some interest. 

The electrical conductivity of lead sulphide at low temperatures has been investigated by 
a number of workers with conflicting results. The first measurements, made by McLennin 
et al. (1930), indicated that lead sulphide is a superconductor with a transition temperature 
near 4:2°K. In subsequent measurements by Meissner et al. (1933) it was found that, 
although some specimens exhibited superconductivity, others did not, and it was concluded 
that the superconductivity must be due to a trace of lead in some of the specimens. (Lead 
selenide was also found to be not superconducting.) In more recent measurements by Dunaev 
(1947) it was again found that lead sulphide was not a superconductor. In all these investi- 
gations measurements were made by observing the voltage drop across a specimen cirrying 
a current, so that, except in the case of measurements on single crystals, tne results would be 
obscured by the existence of contact resistance at grain boundiries. 

We have recently carried out a series of measurements in which the specimen was 
mounted in the centre of a mutual inductance incorporated in an A.c. bridge. On re lucing 
the temperature of the specimen, the onset of superconductivity could be detected by a 
change of mutual inductance due to the exclusion of magnetic field from the volume of the 
specimen, which caused an unbalance of the bridge. This method is independent of the 
existence of contact resistance between individual grains of the specimen. 

A specimen of lead sulphide was prepared by heating the correct proportion of the 
pure elements together in vacuo to a temperature above the melting point (1,120° c.) and 
then cooling rapidly to room temperature. The ingot produced in this way was found to 
be superconducting with a transition temperature near 5° K. The threshold curve was 
measured at temperatures down to 1°x., and the limiting threshold field at this 
temperature was found to be about 750 gauss. As the threshold curve wes significantly 
different from that of pure lead, and superconductivity was not observed at temperatures 
above 5° k., we conclude that the result was not due to contamination of the specimen with 
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excess lead. Furthermore, from the magnitude of the bridge unbalance we were able to 
deduce that the measuring field was excluded from the whole bulk of the specimen and not 
merely from a small part of it. In order to eliminate the possibility that the result might be 
due to the existence of a surface film of superconducting material on the specimen, we repeated 
the measurements after the specimen had been powdered in a mortar and the powder com- 
pressed into a cylinder. Again superconductivity was exhibited. It is interesting to note 
that the electrical resistance of this compressed powder specimen obtained from normal 
current and voltage measurements at room temperature and at 90° K. indicated that it was a 
semiconductor with a large negative temperature coefficient of resistance. ‘The semi- 
conducting property is probably due to the presence of a surface layer on the grains due to the 
action of oxygen, which is known to have strong influence on the electrical properties of 
sulphides. The result indicates that measurements of current and voltage may be extremely 
unreliable as a test of superconductivity except in the case of single crystals. ‘The super- 
conducting property does seem to depend on the state of the material, since a cylinder pressed 
from commercial (B.D.H.) lead sulphide powder was not a superconductor. 

Similar measurements were also made on specimens of lead selenide and telluride pre- 
pared in the same way as the sulphide ingot. In both cases superconductivity was observed, 
the transition temperature and threshold curve being nearly the same as for the sulphide. 

We feel that these measurements make it seem probable that the sulphide, selenide and 
telluride may themselves be superconductors and that the results are not due merely to 
superconducting impurity in the specimens. The possibility that the results are due to the 
existence of a superconducting network throughout the specimen cannot be excluded, and it 
would be desirable to investigate this by a study of the Meissner effect in these compounds. 

One of us (J.H.) would like to make grateful acknowledgment to the Pressed Steel 
Company Ltd., Cowley, for a Research Fellowship. 


The Clarendon Laboratory, J. Darsy. 
Oxford. J. HaTTon. 
4th July 1950. B. V. ROLLIN. 
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Heat Flow in Superconductive Alloys 


In our recent experiments on the heat transport in superconductors (Mendelssohn and 
Olsen 1950) it was found that whereas the heat conductivity of pure metals decreases on 
their becoming superconductive, in certain other cases an increase was observed. The 
decrease can be explained by the fact that the entropy of the superconductive electrons, 
i.e. those carrying the supercurrent, is zero (Daunt and Mendelssohn 1946). Consequently, 
as the temperature decreases a steadily increasing number of electrons is withdrawn from 
the conduction process. ‘The increase in heat flow on the other hand seems to indicate 
some new process of heat transport competing with the decrease in the ordinary heat 
conduction of the metal. In one particular case, a specimen of columbium, the curves 
for the normal and the superconductive state were in fact found to cross over. The normal 
state can always be realized by applying a magnetic field greater than the threshold value and 
it was observed that, whereas between 8° and 4° k. the heat conduction was smaller in the 
superconductive state than in the normal one, below 4°k. the position was reversed. 
According to our conception of this new type of heat transport we expected this process to 
depend strongly on the purity of the specimen, and there were indeed indications that the 
columbium was less pure than some of the other metals-investigated. An effort was there- 
fore made to create artificially similar conditions by adding a small amount (0-1°%) of bismuth 
to very pure lead. The results, while showing a deviation of the curves in the expected 
direction did not, however, produce a crossing over. 

_We have now measured the heat conduction of pure lead as well as that of alloys with 
002%, 01%, 0:2% and 0-5% bismuth. While detailed analysis of the observations has 
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to be left to a later communication, a brief summary of the main results seems indicated 
since they allow a decision on the problem mentioned above. The curves for the heat 
conduction of these alloys in the superconducting and in the normal state plotted against 
temperature are shown in the Figure. The curves for lead with 10°% of bismuth and part 
of the superconductive curve of pure lead have also been added. 
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As was to be expected the absolute value of the heat conduction in the normal state 
decreases with increasing impurity content, and there are indications that the maximum in 
the heat conduction is shifted to progressively higher temperatures. In the specimens 
with the highest and the smallest bismuth content the superconductive curve departs 
from the normal one at a finite angle but in opposite directions. With the intermediate 
percentages, a gradual change of the superconductive curve from one extreme to the other 
can be observed, and in the case of PbBi 0:2°% an actual crossing over of the two curves 
does occur. 

The interpretation we have given for this new process of heat transport is that of a 
circulation of electrons in the superconductor somewhat similar to the mechanism causing 
the high heat flow in liquid helium II. The possibility of this circulation depends on a 
departure from the state of zero induction found in pure superconductors and the general 
change in behaviour with increasing impurity content is in good agreement with our model. 
The present results seem to rule out an alternative explanation proposed by Hulm (1949) 
who attributes the high heat flow in the superconducting state to an increased lattice 
conduction. Making the assumption that the Debye waves are not scattered by the super- 
conductive electrons, an increased lattice conduction in the superconductive state may indeed 
be possible. However, as our results show, the superconductive curves for PbBi 0:5% and 
PbBi 0:2% intersect the curves for the heat conduction of the purer specimens. It is 
clearly very difficult to assume that lattice conduction in an impure superconductive specimen 
should exceed that in a purer one under similar conditions. In fact the values at 2:5° for 
superconductive PbBi 0:5% are of the same order as those of pure lead. 


KK. MENDELSSOHN. 


The Clarendon Laboratory, 
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Oxford. 
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The Dielectric Properties of some Alkaline Earth Titanates 
at Low Temperatures 


1. STRONTIUM 'TITANATE. 

Willis Jackson and Reddish (1945), and Coursey and Brand (1946) observed that solid 
solutions of SrTiO, in BaTiO, have ferroelectric Curie points at temperatures below the 
Curie point of pure BaTiO,, the downward displacement of the Curie point increasing 
steadily as the amount of SrTiO, is increased. Von Hippel and others (1946) found that 
the dielectric constant of a polycrystalline specimen of pure SrTiO, increased from about 
220 at room temperature to about 380 at —90°c. Since these results indicated that 
SrTiO, might itself be ferroelectric at very low temperatures, the dielectric properties were 
investigated in this laboratory down to liquid helium temperatures. 

The sample was prepared by heating a mixture of Analar SrCO3 and TiO, at 1,200° c. 
for 3 hours, grinding the resulting material into a fine powder, pressing the powder into disc 
form in a steel die and finally sintering the disc at 1,400° c. for 3 hours. This produced a 
hard, ceramic specimen, consisting of a mass of small crystallites and having a density about 
20% less than that of a single crystal. In deriving the dielectric constant of the material 
from the measured capacity of the specimen, allowance was made for porosity with the aid of 
the formula obtained for ceramic specimens of BaTiO; by Rushman and Strivens (1947). 

From room temperatuie down to about 50° k. the dielectric constant € at 50 cycles per 
second, 5 volts per cm., followed the well-known Curie-Weiss law 


c= ChT=0) AP eee (1) 


with C=8°3 x 104, 9= —35°x. At temperatures below 50°K., € was smaller than predicted by 
equation (1) and tended to a steady value of about 1,300 as the absolute zero was approached. 
Hardly any change in € occurred between 4:2° and 1:3°x., the lowest temperature of 
measurement. Since there was no evidence of the existence of a dielectric constant peak, 
and € at 4° k. was independent of field strength for values of the latter up to 25,000 v/cm., 
it is reasonable to conclude that SrTiOs is not ferroelectric at low temperatures. 

The above results do not support Smolenskii’s (1950) recent conclusion that SrTiO, 
has a Curie point at 10° k.; this was apparently based on an application of equation (1) to 
the dielectric constant of SrTiO; at room temperature and above, which shows the danger of 


a too literal use of the Curie—Weiss law at temperatures greatly removed from the Curie 
temperature. 


2. BartuM 'TITANATE. 


Since Merz (1949) has recently measured the spontaneous polarization of single domain 
BaTiO, crystals down to 90° K., it is of interest to note that we have extended dielectric 
measurements on multi-domain BaTiO, crystals, previously reported for high temperatures 
(Hulm 1947), down to liquid hydrogen temperatures. Above 90° x. the results were 
roughly in agreement with those of Merz, in that the spontaneous polarization changed 
suddenly at the minor transition points at about 280° k. and 200° k., and dropped to a 
value of about 10 micro-coulombs per cm? at 90° kK. Below 90° k. we observed an interesting 
effect not previously reported for BaTiOs, viz. that the coercive field strength of the ferro- 
electric hysteresis loop, which was practically constant from room temperature down to 
90° K., rose at an ever increasing rate as the temperature was lowered, and at 20° K. was 
almost double the 90° kK. value for a typical crystal. Although the observed maximum 
polarization for a given applied field dropped simultaneously from 10 to about 5 micro- 
coulombs per cm’, there was no evidence of a genuine drop in the spontaneous moment of 
the crystal; it appears that the drop in maximum polarization was merely a secondary effect 
of the increase in coercive field, which made it increasingly difficult to align completely the 
spontaneous moment in the direction of the applied field: 

The steep rise of the coercive field of BaTiO, at low temperatures, or in other words, 
the tendency of the spontaneous moment of each individual domain to ‘ freeze’ into a 
given direction, brings to mind a similar effect in KH,PO,, reported by Busch and Ganz 
(1942). In a check measurement on a KH,PO, crystal in the present work, the coercive 
field was practically constant at 2,600 v/cm. from 120° x. down to 60° K., and then rose 
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steeply, reaching 18,000 v/cm. at 30°. Although this ‘ freezing-in’ effect is probably a 
fairly general feature of ferroelectric behaviour at low temperature, no explanation of it 
appears to be offered by existing theories of ferroelectricity. 


I wish to thank Dr. E. B. Mendoza for cooperating in the liquid helium measurements. 


Royal Society Mond Laboratory, J. K. Hum. 
Cambridge. 
14th July 1950. 
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REVIEWS OF BOOKS 


La théorie de la relativité restreinte, par O. Costa DE BEAUREGARD. Pp. 173. 
(Paris: Masson et Cie, 1949.) No price. 


During the last ten years the author has published nearly twenty papers containing many 
interesting and important ideas on the special theory of relativity. The present volume is an 
exposition of the theory from the point of view adopted in these researches and is intended 
primarily for readers who have previous knowledge of the subject. These readers will find 
the book well worth study, especially those who are unfamiliar with the author’s original 
papers. On the other hand, I do not consider that M. de Beauregard has succeeded in his 
attempt to produce a book which also meets the needs of those wishing to read the subject 
for the first time. ‘This is not important, however, as there is already in existence a large 
number of introductory expositions. 

In bothhis researches and in this book the author presents the special theory of relativity ina 
general tensor form and, whenever possible, avoids consideration of sections of the Minkowski 
world at constant time. Ina Foreword Prince Louis de Broglie discusses the implications 
of this point of view. While agreeing that the concept of simultaneity in space-time cannot 
be entirely abandoned, he points out that M. de Beauregard has succeeded in illuminating 
some facts which are obscure in the usual theory. ‘The Foreword concludes with a list of 
the topics on which M. de Beauregard has produced original ideas. 

Chapter I is divided into three sections which deal respectively with mechanics and 
optics from Newton to Einstein, tensors in pseudo-euclidean spaces, and repeated integrals. 
The usual theory of special relativity is presented in Chapter II, while the following chapter 
is devoted entirely to electromagnetism; it contains an account of the work of E. Henriot. 

Chapter IV deals with several topics. Section A is given up toa discussion on the concept 
of force. It is well known that the classical equations 


F dt=d(mv), F.dr=dW 
are not covariant for a Lorentz transformation. M. de Beauregard introduces an anti- 


symmetrical tensor FJ involving the components of a force F and a co-force K, and by 
following closely the corresponding equations in electromagnetism obtains equations 


(F + K,v) dt=d(mv), F.dr=dVW. 
In Section B the dynamics of spin fluids and spin particles are considered. ‘The equations 
of motion are obtained for a fluid with intrinsic angular momentum, and from these the 


equations of motion of a particle are deduced. It is shown that in a suitable reference frame 
the motion of a free particle is a uniform circular motion superposed on a uniform translation. 
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In Section C the concept of centre of mass of several particles is discussed. In the final 
Section, D of Chapter IV the author gives an account of relativistic thermodynamics. 

Three distinct special problems are reviewed in the concluding chapter. The first 
section contains an account of Synge’s theory of non-viscous fluids and the theory of integral 
invariants developed by Lichnerowicz. The second section considers again the mechanics 
of a material particle, the force being supposed derived from a four-potential as in magnetism. 
The book concludes with an exposition of de Broglie wave mechanics. 

The author has taken considerable trouble in preparing the book for publication and in 
giving several references to original papers. GubaGs 
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ABSTRACTS FOR SECTION B 


The Influence of the Condenser on Microscopic Resolution, by H. H. Hopkins and 
P. M. BarHam. 


ABSTRACT. An expression is found for the distribution of light in the image of two 
small apertures which are illuminated by a condenser of numerical aperture equal to s times 
that of the imaging objective. The resolving power of the system is written p= KA/(N.A.), 


and K is found as a function of s._ It is shown that precisely the same result obtains for 
both critical and Kohler illumination. 
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Reflectivity of Thin Silver Films and their Use in Interferometry, by H. Kunn 
and B. A. WILson. 


ABSTRACT. A direct photoelectric method allowed the reflectivity R and the trans- 
missivity T of partially reflecting films to be measured to an accuracy of 0:3°% of the incident 
light intensity. For a large number of silver films, deposited on glass by evaporation in 
vacuo, the values of R and T measured for visible light of five different wavelengths, in the 
range of high reflectivities (R>0-7). The change of R as a function of time was also 
studied. With only moderate control of the conditions of surface cleaning and evaporation, 
the values of R were nearly always found to lie close to a ‘ standard’ curve giving R as a 
function of 7, the wavelength and the age of the film. Possible causes of scatter from this 
standard curve were investigated. 7 was found not to obey an exponential law as a function 
of the thickness. 

On the basis of these results, resolving power and brightness of etalon fringes were 
plotted as functions of T. The conclusion is reached that, in most practical cases, the 
resolving power of etalons for visible light is limited by imperfections of the suifaces rather 
than by the reflectivity of the silver films, if their thickness is properly chosen. 


The Absorption Spectra of Solid Lead Sulphide, Selenide and Telluride, by 
A. F. GIBson. 


ABSTRACT. Recent interest in lead sulphide, selenide and telluride as photoconductors 
makes information on their absorption spectra valuable. It is found that the absorption 
spectrum of each material is characterized by strong absorption in the visible and ultra- 
violet region, with a further band in the infra-red. The effects of temperature and oxidation 
are also studied. 

In PbS the forbidden energy region between the filled and empty bands is found to be 
about 1-3 ev. in width, not 0:4 ev. as previously suggested. Hence photoconductivity in 
PbS cannot be associated with the main lattice. The corresponding energy gaps in PbSe 
and PbTe are found to be about 1:05 ev. and 0-9 ev. respectively. 


Note on the Electron Velocity Distribution in Low Voltage Arcs, by M. S. B. 
CHAGHTAI. 


ABSTRACT. An analysis has been made of a large number of hot cathode low voltage 
arc-type discharges in mercury vapour and hydrogen at low pressure by the cold probe 
methods of Langmuir and Mott-Smith. It has been verified that the space potential in 
the plasma near the filament is positive relative to anode potential, and it has been shown 
that consistent data for the space potential and concentrations of the slow (ultimate) electrons 
are obtainable from analyses of probe characteristics in both retarding and accelerating 
fields for electrons. 'The way in which the fast (primary) electrons develop a randcm 
motion has been traced by progressively confining them within the main discharge, firstly 
by using a cylindrical gauze anode with open ends, secondly by using a solid anode with 
open ends and lastly by using a solid anode with end caps. 


The Determination of the Viscosity of Molten Metals, by M. R. Hopkins and 
Con Ove: 


ABSTRACT. <A method is described for the measurement of the viscosity of molten 
metals at temperatures up to about 900° c. The metal is contained in a cylindrical crucible 
which is allowed to oscillate about its axis under the control of the torsion in a suspension 
wire. The theory of the method is considered. 

The viscosity of zinc has been determined in the temperature range 430° C, to 480° c, 
and the results are given, 
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High Frequency Permeability of Ferromagnetic Materials, by R. MiLLERSHIP and 
F. V. WEBSTER. 


ABSTRACT. Methods are described for the measurement of resistive and inductive 
permeabilities over a range of frequencies from 150 to 10,000 Mc/s. The measurements of 
the resistive permeabilities were carried out by comparing the attenuation of a coaxial 
transmission line with the ferromagnetic as the inner conductor with that of a coaxial line 
having a non-ferromagnetic as inner conductor. The inductive permeabilities were obtained 
from the wavelength in a coaxial line having the ferromagnetic as the inner conductor. The 
results show that at all frequencies the resistive permeability is greater than the inductive, 
and both decrease to unity at very high frequencies. The effective permeability, which is 
assumed to be complex, is deduced as a function of resistive and inductive permeabilities and 
plotted against frequency for a variety of materials. ‘The experimental values are compared 
with theoretical values derived from two formal treatments. 


The Production of Pulsed Magnetic Fields using Condenser Energy Storage, 
by K. S. W. CHampPion. 


ABSTRACT. Aneconomical way of producing a pulsed magnetic field is to use condensers 
as the energy source and an air-cored magnet coil which, with the storage condensers, forms 
an oscillatory circuit. By means of a switch the coil is connected to the charged condensers 
and then disconnected precisely at the end of one cycle. In this way all the stored energy is 
used to produce the field, while most of it is recovered at the end of the pulse, the only 
appreciable losses being due to the resistance of the coil and switch. 

The design of coils for use in the way described above is considered in detail. Expres- 
sions and curves are presented which enable the field produced by a specified coil and 
condenser combination to be readily calculated. Conversely, the data can be used to design 
the most satisfactory coil for any practical application. An example is given of the design 
and construction of an air-cooled coil. 


A Theory of Contact Noise Semiconductors, by G. G. MACFARLANE. 


ABSTRACT. A theory of contact noise is described in which the low-frequency noise is 
attributed to the random movement of adsorbed ions on the surface of a semiconductor from 
which an electron current is being drawn. Emission of electrons is assumed to take place 
only at localized patches on the surface and the adsorbed ions are assumed to give rise to a 
Schottky barrier layer, in which the potential maximum is linearly related to the concentration 
ot ions. Diffusion of the ions over the surface gives rise to random fluctuations in the con- 
centration of ions in a patch which results in random fluctuations in the height of the potential 
bar1ier and the emission current. It is shown that for a circular patch the spectral power 
density of the noise current varies with mean current jg and frequency f as j2f€ over a 
small range of frequency and that x varies monotonically from — 0-75 at the lowest frequencies 
to —1:125 at the highest frequencies. It is also shown that for a long thin rectangular patch 
the index x varies monotonically from —0-5 to —1-5 as the frequency is increased from zero. 
The dependence of the noise power density on temperature is also discussed. 


Dielectric Loss and Dielectric Constant Measurements in Supercooled Liquids, by 
C. Dopp and G. N. Roserts. 


ABSTRACT. In order to provide further evidence in support of the structural change 
which takes place in a liquid when it is supercooled, measurements of dielectric loss at high 
frequencies and of dielectric constant have been made on various polar liquids. The 
evidence from the dielectric loss measurements is inconclusive but for the four liquids tested 
a significant discontinuity in the dielectiic constant—température curve has been established 
at the melting point in each case, 
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